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Plasma Discharge in Water and Its Application in Industrial Cooling Water Treatment 
Yong Yang 
Dr. Young I. Cho and Dr. Alexander Fridman 
Plasma plays an important role in a wide variety of industrial applications, 
including material processing, semiconductor manufacturing, light sources, 
propulsion and many more. In recent years, there are increasing interests in the 
plasma discharges in liquids because of its potential applications for various 
biological, environmental, and medical technologies. For example, electric 
breakdown is developed as a non-chemical method for bio-fouling removal and 
contaminant abatement in water, with a potential for extension into a wide range of 
other water treatment applications. Comparing with other conventional water 
treatment technologies, plasma methods effectively combine the contributions of UV 
radiation, active chemicals, and high electric fields which leads to higher treatment 
efficiency.  However, the fundamental knowledge of the electric breakdown in water 
has not kept pace with these increasing interests, mostly due to the complexity of the 
phenomenon related to the plasma breakdown process. 
In most cases, the electric breakdown of liquids is initiated by the application 
of high electric field on the electrode, followed by rapid propagation and branching of 
plasma channels. Typically plasmas are only considered to exist through the 
ionization of gases and typical production of plasmas in liquids generates bubbles 
through heating or via cavitation and sustains the plasmas within those bubbles. The 
first part of the thesis tried to answer the question whether it is possible to ionize the 
xvi 
 
liquid without cracking and bubble formation. Fast optical diagnostic platform was 
constructed with 500 ps time-resolution. It was demonstrated for the first time that the 
possibility of formation of non-equilibrium plasma in the liquid phase without bubble 
formation under nanosecond and subnanosecond high voltage excitation. The 
dynamics of excitation and quenching of non-equilibrium plasma in liquid water were 
investigated and it was observed that under some circumstances the plasma in liquid 
water possesses certain similarities as gas phase discharge. 
The second part of the thesis explores the application of underwater spark 
discharge for industrial cooling water treatment. Direct pulsed spark discharge 
treatment was found to be able to accelerate the precipitation of calcium ions in 
supersaturated hard water. Possible pathways for the plasma-induced precipitation 
were studied. Furthermore, the effect of pulsed spark discharges on the mitigation of 
mineral fouling in a concentric counterflow heat exchanger was investigated. The 
fouling resistances for the spark discharge treated cases dropped by 50 - 88% 
compared with those obtained for the no-treatment cases, depending on the initial 
hardness and flow velocity. The fouling resistance data confirmed that pulsed spark 
discharge was beneficial in mitigating the mineral fouling in heat exchangers by 




Chapter 1. Introduction to Plasma in Water 
1.1. Needs for Plasma Water Treatment 
1.1.1 Cooling Water Management 
 Water is used as a cooling medium in large centralized air-conditioning 
systems as well as in thermoelectric power plants.  In both cases, the cooling water 
plays an essential role in removing heat from condensers.  Since the evaporation of 
pure water is the basic means to remove heat from the condensers, the concentration 
of mineral ions in circulating cooling water increases with time, resulting in hard 
water within a week even if soft water is used as makeup water.  Hence, a part of the 
circulating water is periodically or continuously discharged in order to maintain the 
proper concentration of the mineral ions in circulating cooling water in the form of 
blowdown.   
 
Fig. 1. US freshwater withdrawal (2000).  Source: USGS, Estimated use of 
water in the United States in 2000, USGS Circular 1268, March 2004 
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that is not returned to the source. Freshwater consumption for the year 1995 (the most 
recent year for which these data are available) is presented in Fig. 3. Freshwater 
consumption for thermoelectric uses appears low (only 3%) when compared with 
other use categories (irrigation was responsible for 81% of water consumed). 
However, even at 3% consumption, thermoelectric power plants consumed more than 
4 BGD [1]. 
A modern 1000-MW thermoelectric power plant with 40% efficiency would 
reject 1500 MW of heat at full load.  This is roughly equivalent to 512 x 106 Btu/hr 
and uses about 760,000 gal/min of circulating water based on 18oF temperature 
difference in condenser [3].   As heat is removed via the evaporation of pure water at 
a cooling tower, the need for the makeup water is about 7500 gal/min for the typical 
fossil plant, which results in 10 million gallons a day [3].   
One of the critical issues in the cooling water management is the condenser 
tube fouling by mineral ions such as calcium and magnesium.  Since calcium 
carbonate CaCO3 problem is most common in cooling water, one can use the word 
“calcium scale” to refer all scales caused by mineral ions. In order to prevent or 
minimize the condenser tube fouling, the COC in wet recirculation cooling systems is 
often kept at 3.5.  Since increasing the cycles of concentration can reduce the amount 
of makeup water, the water consumption can be reduced with the increased COC.  
For example, if one can increase the COC to 8, the freshwater consumption can be 
reduced by approximately 25%, meaning that the makeup water can be reduced by 
2.5 million gallons a day in a 1000-MW thermoelectric power plant. 
4 
 
 Since the amounts of mineral ions in circulating cooling water primarily 
depend on the COC, the condenser tube fouling also depends on the COC.  Hence, the 
issue in the cooling water management is to increase the COC without the condenser 
fouling problem.  The present review deals with an innovative water treatment 
technology utilizing plasma discharges in water, with which one can increase the 
COC without the fouling problem in condenser tubes.  The key issue is how to 
precipitate and remove mineral ions such as calcium and magnesium from circulating 
cooling water so that the calcium carbonate scales can be prevented at the condenser 
tubes and at the same time the COC can be increased.    
 
Fig. 3. US freshwater consumption (1995). Source: USGS, Estimated use of 
water in the United States in 1995, USGS Circular 1220, 1998 
1.1.2 Water Sterilization 
The availability of clean water is an issue that has paralleled the continual 
increase in water consumption due to both global population growth and the 
economic development in a number of developing countries. From a global 










perspective, an estimated 1.1 billion people are unable to acquire clean safe water [4]. 
As estimated by the Environmental Protection Agency (EPA), nearly 35% of all 
deaths in developing countries are directly related to contaminated water [5]. The 
need for improved water treatment exists on both political and humanitarian 
dimensions. Contaminated water can be attributed to a number of factors, including 
chemical fouling, inadequate treatment, deficient or failing water treatment, and poor 
distribution system. An additional cause of contamination is the presence of untreated 
bacteria and viruses within the water. Even in the United States, the increased 
presence of Escherichia coli (E. coli), along with various other bacteria has been a 
cause for concern.  
In an effort to inactivate bacteria, there are several commercially available 
methods such as chemical treatments, ultraviolet radiation and ozone injection 
technologies. The experimental success and commercialization of these water 
treatment methods are not, however, without deficiencies. With regard to human 
consumption, chemical treatments such as chlorination could render potable water 
toxic. Although both ultraviolet radiation and ozone injection have been proven to be 
practical methods for the decontamination of water, the effectiveness of such methods 
largely depends upon adherence to regimented maintenance schedules. It is because 
of these deficiencies that the importance of research and development of new and 
improved water treatment methods continues to grow.  
1.2. Previous Studies on The Plasma Water Treatment 
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In recent years, there is an increasing interest in the study of pulsed electric 
breakdown in water and other liquids as it finds more applications in both industry 
and academic researches. A large number of papers and conference contributions 
were published during the last few years. High-voltage electrical discharges in water 
have been shown to be able to induce various reactions including the degradation of 
organic compounds [6-13], the destruction of bacteria and viruses [14-19], the 
oxidation of inorganic ions [20-25], and the synthesis of nanomaterials and polymers 
[26-29]. The reactions are usually thought to be initiated by various reactive species, 
UV radiation, shockwaves, high electric field or intense heat produced by pulsed 
electric discharge. The concentration of the reactive species and the intensity of the 
physical effects largely depend on the discharge type and solution properties.  
 Locke [27] published a comprehensive review on the application of strong 
electric fields in water and organic liquids with 410 references in 2006. They 
explained in detail the types of discharges used for water treatment, physics of the 
discharge and chemical reactions involved in the discharge in water. More recently, 
Bruggeman and Leys [29] published another review paper on non-thermal plasma in 
contact with water. They discussed three different types of plasmas: direct liquid 
discharges, discharges in gas phase with a liquid electrode, and discharges in bubbles 
in liquids. A different excitation method for each type was discussed individually. In 
addition, plasma characteristics of the different types of plasma in liquids were 
discussed.  Currently several research groups around the world actively study plasma 
discharges for water treatment, which will be briefly discussed next. 
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 Schoenbach and his colleagues at Old Dominion University have studied the 
electrical breakdown in water with submillimeter gaps between pin and plane 
electrodes by using optical and electrical diagnostics with a temporal resolution on 
the order of one nanosecond [30-34]. By using a Mach–Zehnder interferometer, the 
electric field distribution in the prebreakdown phase was determined by means of the 
Kerr effect, which indicates a change in the refractive index of a material. Values of 
electric fields in excess of computed electric fields, which reached over 4 MV/cm for 
applied electrical pulses of 20 ns duration, were recorded at the tip of the pin 
electrode. The results of this research have found bioelectric applications in the 
construction of compact pulse power generators. 
 Locke and his colleagues at Florida State University have qualitatively studied 
the production of reductive species by pulsed plasma discharge in water using 
different chemical probes [35-37]. They showed that the formation of primary 
radicals from water decomposition occurred in the discharge zone. The immediate 
region surrounding the discharge zone was responsible for radical recombination to 
form products that diffused into bulk water where the radicals participated in bulk 
phase reactions. The rate of the formation of reductive species in the pulsed streamer 
discharge increased as the input power to the system increased, offering a possibility 
that in a mixture of aqueous contaminants some pollutants or a component of certain 
pollutants could degrade by reductive mechanisms, thereby increasing the 
degradation efficiency of the process. 
 Graves and his colleagues at the University of California, Berkeley presented 
a unique method to inactivate microorganisms in 0.9% NaCl solution (i.e., normal 
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saline solution) by means of microplasmas [17]. They employed E. coli bacteria to 
investigate the disinfection efficiency of the device. The device consisted of a thin 
titanium wire covered by a glass tube for insulation except for the tip of the wire and 
ground electrode. Microbubbles could be formed at both electrodes from the 
application of an asymmetric high-frequency, high voltage. . Repetitive light emission 
was observed in the vicinity of the powered electrode. More than 99.5% of E. coli 
was deactivated in 180 s. 
 Sato and his colleagues at Gunma University, Japan studied the environmental 
and biotechnological applications of high-voltage pulsed discharges in water. A 
pulsed discharge was formed in water by applying a high-voltage pulse in point-to-
plane electrode systems [38-42]. They found that bubbling through a hollow needle 
electrode made it possible to raise the energy efficiency in the decomposition of 
organic materials by reducing the initial voltage of the discharge. Oxygen gas 
bubbling was found to be effective for the decomposition because of the forming of 
active species originating from oxygen gas. 
 Sunka and other researchers from the Institute of Plasma Physics, Academy of 
Sciences of the Czech Republic developed a pulsed corona discharge generator in 
water using porous ceramic-coated rod electrodes (its photograph will be shown later 
in Fig. 9) [43-45]. They studied the properties of the ceramic layer and its interaction 
with the electrolyte, and reported that surface chemistry at the electrolyte/ceramic 
surface interface was an important factor in generating electrical discharges in water 
using porous ceramic-coated electrodes. Initiation of the discharge in water using 
these types of electrodes depended on the surface charge of the ceramic layer in 
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addition to the permittivity and porosity of the ceramic layer.  The surface charge 
could be determined by the polarity of applied voltage, and pH and the chemical 
composition of aqueous solution. By applying bipolar high voltage pulses to eliminate 
possible buildup of an electrical charge on the ceramic surface, a large-volume 
plasma could be produced in water in the range of kilowatts. 
 Recently, Yang and his colleagues from Drexel Plasma Institute, Drexel 
University reported the formation of liquid-phase non-equilibrium plasma in water. 
Since plasmas were only considered to exist through the ionization of gases, people 
had believed that plasmas in liquids must have been generated inside gas-phase 
bubbles produced through intense local heating or via cavitation and could be 
sustained within those bubbles. For the generation of a non-equilibrium plasma in 
liquids, a pulsed power system was often used with 32 – 112 kV pulse amplitude, 0.5 
– 12 ns pulse duration, 150 ps rise time. The measurements were performed with a 
4Picos ICCD camera with a minimum gate time of 200 ps. It was found that 
discharge in liquid water formed in a picosecond time scale, and the propagation 
velocity of the streamers was about 5000 km/s. The reduced electric field E/n0 at the 
tip of the streamer was about 200 Td. Both the propagation velocity and the reduced 
electric field in the test were similar to the streamer propagation in gas phase, 
indicating that the plasma could be formed in liquid phase without phase change. The 
details of the experiment will be discussed later.  
1.3. Process of Conventional Electrical Breakdown in Water 
Although a large number of studies were conducted on electric discharges in 
gases, studies on the electric breakdown in liquids have been limited by the high 
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density of liquids and a short mean free path of electrons, therefore requiring a very 
high electric field E/n0. The critical breakdown condition for gas can be described by 
the Paschen curve, from which one can calculate the breakdown voltage. A value of 
30 kV/cm is a well-accepted breakdown voltage of air at 1 atm. When one attempts to 
produce direct plasma discharge in water, a much higher breakdown voltage on the 
order of 30 MV/cm is needed based on the Paschen curve due to the density 
difference between air and water. A large number of experimental data on the 
breakdown voltage in water showed, however, that the breakdown voltage in water 
was of the same magnitude as for gases. In other words, the breakdown of liquids can 
be performed not at the extremely high electric fields required by the Paschen curve 
but at those that only slightly exceed the breakdown electric fields in atmospheric-
pressure molecular gases. This interesting and practically important effect can be 
explained by taking into account the fast formation of gas channels in the body of 
water under the influence of an applied high voltage. When formed, the gas channels 
give the space necessary for the gas breakdown inside water, explaining why the 
voltage required for the breakdown in water is of the same magnitude as that in gases.  
To generate electrical discharges in water, usually one needs to have a pulsed 
high voltage power supply. Water is a polar liquid with a relative permittivity of εr = 
80. The electrical conductivity of water ranges from about 1 µS/cm for distilled water 
to several thousand µS/cm for cooling water, depending on the amount of dissolved 
ions in water. Given that a specific water is exposed to an electric pulse with a 
duration of Δt, when Δt >> εr ε0/σ, where ε0 is vacuum permittivity and σ is the 
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usually called an arc discharge. While an arc discharge is usually continuous, the 
transient phase of the arc discharge is referred to as a pulsed spark discharge. 
The characteristics of pulsed corona and pulsed arc are summarized in Table 1. 
In the partial discharge the current is transferred by slow ions, producing corona-like 
non-thermal discharges. In case of water with a high electrical conductivity, a large 
discharge current flows, resulting in a shortening of the streamer length due to the 
faster compensation of the space charge electric fields on the head of streamers. 
Subsequently, a higher power density, i.e., a higher plasma density, in the channel can 
be obtained, resulting in a higher plasma temperature, a higher UV radiation, and the 
generation of acoustic waves.  
In the arc or spark discharges, the current is transferred by electrons. The high 
current heats a small volume of plasma in the gap between two electrodes, generating 
quasi-thermal plasma, where the temperatures of electrons and heavy particles are 
almost equal. When a high-voltage, high-current discharge takes place between two 
submerged electrodes, a large part of the energy is consumed in the formation of a 
thermal plasma channel. This channel emits UV radiation, and its expansion against 
the surrounding water generates intense shockwaves. The shockwave can directly 
interact with the microorganisms in water. Of note is that the pressure waves can 
scatter microorganism colonies within the liquid, thus increasing their exposure to 
inactivation factors. For the corona discharge in water, the shockwaves are weak or 




Table 1. Summary of the characteristics of pulsed corona, pulsed arc and pulsed spark 
discharge in water [26-27, 46-55] 






Current transferred by 
slow ions. 
Streamer filaments do 
not propagate across 
electrode gap. 
A few joules or less 
per pulse. 
Weak to moderate UV 
generation. 
Weak to moderate 
shockwave. 
Relatively low current, 




frequency (< 1 Hz). 
Current transferred by 
electrons. 
Streamer filaments 
bridge electrode gap. 
Usually greater than 
1kJ per pulse. 
Strong UV emission. 
Strong shockwave. 
Large current with 
peak value greater than 
100 A. 
Similar to pulsed arc, 
except for short pulse 
duration and low 
temperature. 
Pulsed spark is faster 
than pulsed arc, i.e., 
strong shockwaves are 
produced. 
Plasma temperature in 
the spark is around a 
few thousand K. 
 
When the plasma discharge is initiated between two electrodes, the medium 
between the two electrodes is ionized creating a plasma channel. The plasma 
discharge generates ultraviolet radiation and converts surrounding water molecules 
into active radical species due to the high energy level produced by the discharge. 
The microorganisms could be effectively inactivated, while the organic contaminants 
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could be oxidized through contact with active radicals. The chemical kinetics of these 
reactions remains an area of significant research [27, 29].  Various active species can 
be considered as the byproducts of plasma discharge in water. The production of 
these species by plasma discharge is affected by a number of parameters such as 
applied voltage, rise time, pulse duration, total energy, polarity, the electric 
conductivity of water, etc. Among the active species, hydroxyl radical, atomic oxygen, 
ozone and hydrogen peroxide are the most important ones for the sterilization and 
removal of unwanted organic compounds in water. Table 2 summarizes the oxidation 
potentials of various active species produced by plasma in water, which ranges from 
1.78 V (hydrogen peroxide) to 2.8 V (hydroxyl radical). Note that fluorine has the 
highest oxidation potential of 3.03 V, whereas chlorine, which is one of the most 
commonly used chemicals for water decontamination, has an oxidation potential of 
only 1.36 V. 
Table 2. Oxidation potential of active species produced by plasma in water [56]  








Oxidation potential 2.8 V 2.42 V 2.07 V 1.78 V 
 
In addition to the aforementioned active species, the electrical breakdown in 
water produces ultraviolet radiation (both VUV and UV). VUV (i.e., vacuum UV), as 
the name indicates, can only propagate in vacuum because it is strongly absorbed by 
air or water. For pulsed arc discharge, the high temperature plasma channel can 
function as a blackbody radiation source. The maximum emittance is in the UVa to 
UVc range of the spectrum (200 – 400 nm) [28, 55], as determined by the Stephen-
Boltzmann law. Water is relatively transparent to UV radiation in this wavelength 
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range. The energy per photon ranges from 3.1 eV to 6.2 eV. UV radiation has proven 
to be effective for decontamination processes and is gaining popularity as a means for 
sterilization because chlorination leaves undesirable byproducts in water. The 
radiation in the wavelength range of 240 - 280 nm may cause an irreparable damage 
to the nucleic acid of microorganisms, preventing proper cellular reproduction, and 
thus effectively inactivating the microorganisms.  
Alternatively, the photons can provide the necessary energy to ionize or 
dissociate water molecules, generating active chemical species. Recently, it is 
suggested that the UV system may produces charged particles in water such that 
charge accumulation occurs on the outer surface of the membrane of bacterial cell. 
Subsequently, the electrostatic force on the membrane overcomes the tensile strength 
of the cell membrane, causing its rupture at a point of small local curvature as the 
electrostatic force is inversely proportional to the local radius squared [57-59].  
Since one of the major applications of the plasma discharge in water is in the 
development of a self-cleaning filter to be discussed later in this review article, the 
ability for the discharge to generate shockwaves will be briefly summarized next. 
When a high voltage, high current discharge takes place between two electrodes 
submerged in water, a large part of the energy is consumed on the formation of a 
thermal plasma channel. The expansion of the channel against the surrounding water 
generates a shockwave.  For the corona discharge in water the shockwaves are often 
weak or moderate, whereas for the pulsed arc the shockwaves are strong. The 
difference arises from the fact that the energy input in the arc or spark discharge is 
much higher than that in the corona.  
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Similarly, between the arc and spark, the arc produces much greater 
shockwaves due to its higher energy input. The water surrounding the electrodes 
becomes rapidly heated, producing bubbles, which help the formation of a plasma 
channel between the two electrodes. The plasma channel may reach a very high 
temperature of 14,000 – 50,000 K, consisting of a highly ionized, high pressure and 
high temperature gas. Thus, once formed, the plasma channel tends to expand. The 
energy stored in the plasma channel is dissipated via both radiation and conduction to 
the surrounding cool liquid water as well as mechanical work. At the liquid-gas phase 
boundary, the high pressure build-up in the plasma is transmitted into the water 
interface and an intense compression wave (i.e., shockwave) is formed, traveling at a 
much greater speed than the speed of sound. Note that the shockwaves have another 
benefit in the sterilization process through a good mixing of water to be treated, 
significantly enhancing the plasma treatment efficiency as in the aforementioned self-
cleaning filter performance.  
However, the plasma discharge for water treatment is not without deficiencies. 
One of the concerns in the use of a sharp needle as a HV electrode is the adverse 
effect associated with the needle tip erosion. In a point-to-plane geometry, a large 
electric field can be achieved due to the sharp tip of the needle with a minimum 
applied voltage V. For a sharp parabolic tip of the needle electrode, the theoretical 
electric field at the needle tip becomes ܧ ∝ ܸ/ݎ, where r is the radius of curvature of 
the needle tip. As indicated by the above equation, the electric field at the tip of the 
electrode is inversely proportional to the radius of curvature of the needle tip. Hence, 
the maximum electric field could be obtained by simply reducing the radius of 
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curvature r, which is much easier than increasing the voltage as the maximum value 
of the voltage is usually restricted by the electric circuit as well as insulation materials 
used around electrodes. 
Sunka [60] pointed out that the very sharp tip anode would be quickly eroded 
by the discharge, and one had to find some compromise between the optimum sharp 
anode construction and its lifetime for extended operation. Also it was demonstrated 
recently that the erosion of electrodes at pulse electric discharge in water would result 
in the production of metal and oxide nanoparticles in water. These particles are very 
difficult to remove once they enter the drinking water system due to their nanometer 
sizes, and potential danger to human body is not clearly known.  
Another concern in the application of pulsed electric discharges in water is the 
limitation posed by the electrical conductivity of water on the production of such 
discharges [60]. In the case of a low electric conductivity below 10 μS/cm, the range 
of the applied voltage that can produce a corona discharge without sparking is very 
narrow. On the other, in the case of a high electric conductivity above 400 μS/cm, 
which is the typical conductivity of tap water, streamers become short and the 
efficiency of radical production decreases. In general, the production of hydroxyl 
radicals and atomic oxygen is more efficient at water conductivity below 100 μS/cm. 
Thus, this is one of the major challenges in the application of plasma discharges for 
cooling water management as the electric conductivity of most cooling water is at the 




Chapter 2. Underwater Plasma Sources   
2.1 Direct Discharges in Liquid 
Various electrode geometries have been studied for the generation of plasma 
discharges in liquid. Figure 5 shows some of the typical electrode configurations. 
Note that only the cases where both the high voltage electrode and ground electrode 
are placed in liquid are shown here. Among them, the point-to-plane geometry has 
been the most commonly used configuration (shown in Fig. 5a). Also a point-to-plane 
geometry with multiple points was used to generate a large volume corona discharge 
in water (Fig. 5b). For pulsed arc discharges, a point-to-point electrode geometry was 
often used (Fig. 5c).  
As mentioned in the previous section, one of the concerns in the use of a sharp 
needle as the HV electrode is the tip erosion due to the intense local heating at the tip. 
To overcome the limitation of the needle-plate configuration, ‘‘pinhole’’ electrodes 
(also called a diaphragm discharge, as shown in Fig. 5d) with large surface areas were 
developed, where the high voltage and ground electrodes are separated by a dielectric 
sheet with a small hole [61-64]. When high voltage is applied on the electrodes, an 
intense electric field could be formed around the pinhole. Subsequently, a pre-
discharge current could be concentrated in the small hole, leading to strong thermal 
effects, resulting in the formation of bubbles. Pulsed corona discharge occurs inside 
the bubbles at the pinhole because of the high electric field. The length of the 
streamers generated is decided by the parameters such as water conductivity, the size 
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as for desired processing. For example, high electrical current and/or high liquid 
temperature can sterilize water. In this case, the high energy supplied by a power 
source is first used to evaporate the liquid adjacent to the HV electrode, generating 
gas bubbles that are subsequently ionized by large electric fields caused by the high 
voltage. Liquid temperatures in such applications are usually high, at least locally 
near the breakdown locations, due to the excess power dissipated in the liquid. 
However, in some circumstances high temperature is not desired. For such 
applications, a non-thermal plasma system that can generate gas-phase plasmas in 
contact with liquids is often used. Since the gas-phase plasma can only interact with 
the liquid through the gas-liquid interface, a maximization of the interface area is 
usually desired, which can be achieved by using bubble plasmas, i.e. plasmas 
generated in small bubbles suspended in liquid. Note that the ratio of the area of gas-
liquid interface to the total gas volume is inversely proportional to the radius of the 
gas bubbles. Many different configurations have been used as shown in Figs. 10a-10e.  
 Similar to direct discharges in water, the most commonly used configuration 
is the point-to-plane configuration, where the point electrode was made of a small 
diameter hollow tube to inject gas into water [67-70]. Different types of gas were 
used depending on applications. For example, oxygen gas was often used to promote 
the formation of oxygen radicals.  
 Alternatively, gas was bubbled between two metal electrodes (Fig. 10b). The 
discharge occurred between the electrodes by applying the HV voltage, producing 
OH radical that was detected by a spectroscopic technique [71-72]. 
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 Another interesting discharge in liquid was to use a gas channel, inside which 
two metal electrodes were placed to generate plasma discharge (Fig. 10c) [73-74]. 
The gas is continuously supplied through the hollow tube, flowing around the 
electrodes from both sides and exiting from the open ends at the middle of the reactor 
(see Fig. 10c). The gases coming from the top and bottom merge into one where two 
point electrodes were closely positioned, forming a stable gas channel between the 
two metal electrodes. Subsequently, the generated discharge was an arc discharge 
which was cooled and stabilized by the surrounding water. 
 Aoki and his coworkers [75]studied RF-excited discharges in argon bubbles in 
a dielectric covered metal rod and wire reactor (Fig. 10d). First, bubbles were formed 
in front of the slot antenna (see black area in the figure) by microwave heating of 
water where water in an evacuated vessel at a vapor pressure of 5 kPa was evaporated 
by a slight increase in the temperature above the boiling point (room temperature). In 
the second step, microwave breakdown took place inside bubbles filled with water 
vapor. In the third step, the bubbles containing the plasma moved up due to the 
upward force by buoyancy. After that, new water filled the vacant space in front of 
the slot antenna. These steps successively repeated forming a large number of bubble 
plasmas. Microwave-excited plasma in water with or without externally introduced 




























Chapter 3. Dynamics of Non-Equilibrium Plasma in Liquid Water 
 Typically, the electric breakdown of liquids is initiated by the application of 
high electric field on the electrode, followed by rapid propagation and branching of 
plasma channels. Usually plasmas are only considered to exist through the ionization 
of gases, and for all cases described above, the production of plasmas in liquids was 
believed to first generate bubbles through heating or via cavitation and sustain the 
plasmas within those bubbles. The question is: is it possible to ionize the liquid 
without cracking and voids formation? 
3.1. Plasma Diagnostic Platform 
 To answer this question, Yang and his coworkers [81] used two different 
pulsed power systems to generate non-equilibrium plasma in liquid water. The first 
pulsed power system generated pulses with 27 kV pulse amplitude, 12 ns pulse 
duration and 300 ps rise time. The voltage waveform is shown in Fig. 11. The second 
system generated maximum 112 kV pulses with 150 ps rise time and duration on the 
half-height about 500 ps. The voltage waveform is shown in Fig. 12. Discharge cell 
had a point-to-plate geometry with the point electrode diameter of 100 μm. The 
distance between the point and plate electrodes was 3 mm. The measurements were 
performed with the help of 4Picos ICCD camera with a minimum gate time of 200 ps 
and spectral response of 220nm – 750 nm. Figure 13 shows the schematic diagram of 
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electric field and the excitation of the media. This effect can be considered as a proof 
that there was no void formation or phase transition during the first stage of the 
discharge. 
3.3 Imaging of Plasma Initiation in Sub-nanosecond Time Regime  
Discharge development in the case of 110 kV is shown in Fig. 16. It is clear 
that the plasma channel was generated during voltage increase time, i.e., less than 150 
ps. Observed propagation velocity reached 5000 km/s (5 mm/ns) and was almost the 
same as the typical velocity of streamer propagation in air. Typical channel diameter 
was estimated as d = 50 – 100 μm, with the radius of curvature at the tip of streamer 
of about 20 μm. Thus one could estimate the reduced electric field at the tip of the 
streamers to be about 200 Td, if equi-potential was assumed between the plasma 
channel and the electrode. Again, this electric field strength was almost the same as 
the one at the tip of streamer propagating in air. Figure 17 shows the discharge 
geometry dependence on the pulsed voltage applied. The length of the channels 
decreased gradually with increasing voltage, a phenomenon which, for fixed pulsed 
duration, indicated that the streamer velocity decreased. For voltage below 50 kV, 
discharges could not start during 500 ps, and subsequently emission was not observed.  




























 In summary, the dynamics of excitation and quenching of non-equilibrium 
plasma in liquid water were investigated, and the possibility of formation of non-
equilibrium plasma in liquid phase was demonstrated.  Based on these findings, it was 
concluded that the mechanism of the streamer development in liquid phase in the 





Chapter 4. Analysis of Microsecond Streamer Propagation  
The study of liquid-phase non-equilibrium plasma in liquid water described 
above opens doors to new potential applications in the areas such as bacterial 
sterilization, organic compound destruction, and material synthesis. However, for 
most underwater plasma related applications, the more conventional microsecond-
duration pulses could be used.  Hence, it is important to get a better understanding of 
the key physical mechanisms of the breakdown process. In most cases, the electric 
breakdown of liquids is initiated by the application of a high electric field on the 
electrode, followed by rapid propagation and branching of streamers. The overall 
mechanism is complex as it involves different physical processes including field 
emission, bubble formation, ionization, heating, vaporization, etc. Thus it is difficult 
to include all the effects in a single analytical model. A number of proposed theories 
for the initiation of the breakdown of dielectric liquids are available in the literature 
[83-88].  The initial bubble formation could be attributed to pre-existing cavities in 
water, direct ionization, field assisted emission, or joule heating induced by local field 
emission. However the exact mechanism is still unclear. 
Despite different mechanisms proposed, most initiation theories lead to the 
formation of a low density region where self-sustained electron avalanches take place. 
Thus, the next question is what the driving force is to sustain and expand the cavity to 
form complex geometrical structures. Similar to the initiation process, the 
propagation is complicated because it involves interactions between plasma, gas and 
liquid phases of the media. Recent experiments demonstrated the existence of 
different modes of propagation, where both a primary streamer mode with a slow 
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velocity and a secondary streamer mode with a high velocity were observed [82]. 
Several models were proposed to correlate electric field to streamer velocity [89-91]. 
Different effects, including liquid viscosity, trapping of positive and negative carriers 
in the conducting channel, and local electric charge at streamer head were taken into 
account. But again, there is not yet a commonly accepted model. 
The objective of the present section is to develop a theoretical framework in 
order to better understand the propagation of streamers of electric discharge in water 
subjected to high voltage. The breakdown process is usually characterized by two 
typical features of breakdown: rapid propagation of discharge streamers and high 
tendency of branching and formation of random dendritic structures. Therefore, the 
present study consists of two components: quantitative model for possible 
mechanisms to produce the driving force needed to sustain and promote the 
propagation, and stability analysis of a single cylindrical filament with surface 
charges in an external electric field.  
Despite the fact that the mechanism is not fully understood, the propagation of 
streamers during electric breakdown of water clearly involves the displacement of 
adjacent liquid along their paths. The process requires a driving force, which is to be 
discussed in this section. Two quantitative models have been developed: one is based 
on the electrostatic effect on the streamer-water interface, and the other a more 
traditional local heating effect. Comparison is made to examine the validities of the 
two models.  
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A simplified calculation can be made to examine whether or not the 
electrostatic force would be sufficient to overcome the resistance of water at the 
interface. The pressure due to the surface tension, γ, on a water interface of a 
spherical bubble with a radius of curvature r, can be approximated by the Young-
Laplace equation p = 2γ/r. With r ~ 1 µm, and γ = 72.8x10-4 N/m the surface tension 
pressure is ~15 kPa. The ultimate strength of water of approximately 30 MPa must be 
exceeded for rupturing the liquid [95]. Considering forces due to charged particles 
only and ignoring those due to field gradients and material property gradients, the 
electric force at the interface becomes simply the electrostatic force, L, which is the 
product of charge density per unit area σ and the electric field E, i. e., L = eσE, where 
e is the charge per electron. For E = 108 V/cm, σ should have a value of 1012 
charges/cm2. For electrons with an average energy of 1 eV, the electron thermal 
velocity can be estimated as 6×107 cm/s. So a modest electron density of 1013 cm-3 
will provide the flux necessary to charge the surface to the breaking point within 1 ns. 
Although these estimations for water rupturing also neglect both loss mechanisms and 
the energy requirements to overcome the hydrodynamic resistance, the electrostatic 
mechanism still seems a likely candidate for streamer propagation, and such forces 
may dominate at nanosecond time scale. 
The growth of a plasma filament is determined by the conservation equations 
of mass, momentum and energy. To quantify the breakdown process described above, 
the equations for the formation and propagation of the plasma-filled filaments are 















       (2) 
2
2 2( ( )) ( ( )) ( )
2
P uZ u u Z T E
t
  
         (3) 
where t is time, ρ and P are the radial density and pressure inside streamer, 
respectively, u is the velocity of streamer, T is the temperature, λ is the thermal 
conductivity, ΔvH is the evaporation heat of water, r0 is the radius of streamer, Z is the 
internal energy of ionized gas, E is the electric field strength, and κ is the electric 
conductivity. It is usually difficult to directly solve Eqs. (1) - (3) because of the high 
non-linearity of the equations.  
For simplification, the streamer is assumed to be a cylinder with a 
hemispherical tip as shown in Fig. 18(b). The reference frame is fixed on the tip. The 
radius of the filament is r0. Although it appears from photographic evidences that the 
filament is usually of a conical shape, the cylindrical approach is still a good 
approximation when the length of the filament is much greater than the radius. The 






                  
 (4) 
where m is the mass of electron, and ven is the frequency of electron-neutral collisions. 
Note that ven is proportional to the gas number density and the value of ven/p is usually 
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in the order of 109 sec-1Torr-1 [94]. Sunka measured the broadening of the Hα line 
profile, which is commonly used to characterize the density of plasma, reporting the 
electron density inside streamers during the initial phase of water breakdown, to be in 
the order of 1018 cm-3 [60]. With water vapor pressure of 20 Torr saturated at the 
room temperature, the electric conductivity inside the filament can be estimated to be 
in the order of 107 S/m, a value which is comparable to those for metals. So the 
filament could be regarded as equi-potential with the electrode, and thus could be 
treated as an extension of the electrode throughout the expansion. The external fluid 
provides drag force and constant external pressure for the development of the 
filament. Gravity is neglected here because the body force induced by gravity is much 
smaller than electric forces. 
The electric field outside a slender jet can be described as if it were due to an 
effective linear charge density (incorporating effects of both free charge and 
polarization charge) of charge density σ on the surface. Since the charge density in 
liquid can be ignored comparing with that on the filament surface, one can have the 
following equation for the space outside the filament by applying Laplace Equation in 
the radial direction: 
1 ( ) 0r
r r r
     (5) 
with boundary condition: 00  rr  and 0 Rr . R is the distance between anode 
and cathode. Since the filament could be regarded as an extension of the electrode, R 
decreases as the streamer propagates through the gap. 
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Solving the above equation with an assumption of negative discharge, the 
radial electric field Er and local surface charge density σr can be written as: 
0
0 0ln( / )
rE r r R r







ln( / )r r r
E
r R r
       (7) 
There is no analytical solution for the electric field at the hemispherical tip of 
the filament. A frequently used approximation is E୸ ൎ Φ଴/r଴. Here the equation for 
the electric field at the tip of a needle in a needle-to-plane geometry developed by 
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                                              (9) 
From Eqs. (6) - (9), one can conclude that the radial direction electrostatic 
pressure E·σ exerted on the side wall of the streamer is weaker than the axial direction 
electrostatic pressure on the tip. Note that both electrostatic pressures are roughly 
inversely proportional to r02, meaning that at the initial stage of the filament growth 
when r0 is small, the electrostatic forces on both directions are strong and the filament 
will grow both axially and radially. A direct consequence of both the axial and radial 






















here P1 is 










 tip of the s























































   
ିଵ






















. 19). The d
 the force 
ind shock f













Mach number after the shock front, and C is the speed of sound in liquid. The 
relationship between M1 and M2 can be written as [100]: 







     (11) 
Equating the hydrodynamic pressure to the sum of the electrostatic pressure 
and the pressure produced by surface tension at the tip can give the following 
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The balance between the electrostatic force and the force produced by the total 
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Note that there are three unknowns, M1, M2 and r0, in the above equations. So 
it is possible to solve Eqs. (11), (12) and (13) simultaneously, when the applied 
voltage Φ0 and the inter-electrode distance R are specified.  
To demonstrate the validity of the present model, the filament radius predicted 
by the model is shown in Fig. 20. For a typical inter-electrode distance of 1 cm, the 
filament radius increases from 3 µm to 50 µm as the applied voltage rises from 5 kV 
to 30 kV.  The value is comparable to typical experimental values. For example, An 
reported that the light emission from the discharge was restricted to a channel of 100 
µm diameter, indicating the interaction of charged particles in the region [82].  
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Fig. 20. Variations of filament radius as a function of applied voltage and inter-
electrode distance. 
Figure 21 shows the filament propagation speed as a function of Φ0 and R. 
The calculated propagation speed from the present model is around 15 km/s, which is 
higher than the primary streamer speed but lower than the secondary streamer speed 
reported by An and his coworkers [82]. The Mach number increases moderately with 
the applied voltage, a phenomenon which is understandable from the point of view of 
energy conservation.  The streamer propagation velocity is relatively independent of 
the inter-electrode distance. For an applied voltage of 30 kV, the Mach number 
increases from 11.2 to 12.3 when inter-electrode distance decreased from 10 cm to 
0.1 cm. This is consistent with the known property of negative streamers as the 
previous experiment showed that for a given voltage the propagation velocity was 
relatively constant as the streamer crossed the gap, and while it increased as the 
streamer approached the plane electrode [91]. This phenomenon can be understood by 
Eq. (6): the inter-electrode distance R is decreased with the propagation of the 
44 
 
streamers; as a result the electric field at the tip of the streamer was increased, leading 
to a higher propagation speed. However, the amount of the increase in the electric 
field will not be significant because of the natural logarithm in the equation.  





















Fig. 21. Variations of Mach number of streamer as a function of applied voltage and 
inter-electrode distance. 
4.2 Thermal Mechanism 
In the electrostatic model described above, it is assumed that the translational 
temperature inside the streamer was low, and the electrostatic force is the only driving 
force for the growth of the filament. The assumption is valid only at the initial stage 
of the filament development, as the temperature will keep rising as the molecules gain 
more energy through electron-neutral collisions. The heating time, τ, is approximately 
τ = τen + τvt, where τen is the time for electron-neutral excitation, and τvt is the time for 
vibrational-translational (v-t) relaxation. For electron-neutral excitation, τen =1/νen = 
1/(ne·ken), where νen is the electron-neutral non-elastic collision frequency, ne is the 
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electron density, and ken is the rate constant for electron-neutral collisions. ken can be 
expressed as ken = σenvte, where σen is the cross section for vibrational excitation of 
H2O molecules by electron impact and vte is the electron thermal velocity.  
For electrons with an average energy of 1 eV, the cross section for vibrational 
excitation is about σ = 10-17 cm2 [101]. ken is thus about 10-8 cm3/s as is typical (vte = 
6x107 cm/s). Spectroscopic measurements indicated that the stark broadening of Hα 
line corresponded to an electron density of about 1018 cm-3 at a quasi-equilibrium state 
[60]. Thus the typical electron-neutral excitation time can be estimated to be in the 
order of a few nanoseconds. For the v-t relaxation, τvt= 1/(nv·kvt), where nv is the 
density of vibrational excited molecules, kvt is the v-t relaxation rate coefficient. For 
water molecules at the room temperature, kvt is about 3×10-12 cm3/s [94]. Assuming 
that nv is in the same order with electron density, τvt could be estimated to be in the 
order of several hundred nanoseconds, suggesting that heating can take place inside 
the filaments under sub-microsecond time scale due to the energy transfer from the 
electrons to the translational energy of the water molecules, and furthermore the 
propagation of the streamers can be caused by the continuous evaporation of water 
molecules at the tip. Here the energy dissipation is not considered, and the actual 
heating time might be longer, but still the local heating mechanism under the sub-
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where ρ and cP are the density and specific heat of water, respectively, and Ve is the 
volume of evaporated water. Ve can be written as 
 2V πr δLee    (16) 
After evaporation, the overheated and over-pressured water vapor will expand 
radially, while satisfying the force balance along the axial direction, until it reaches 
an equilibrium with the outside hydrodynamic pressure. The process can be regarded 
as adiabatic under a sub-microsecond time scale, and thus one can have the following 
equations: 
 0 0P V P Vs see




0 p le g 0
0P ε ε Φ[ ]
P ρr (c ΔT ΔH ) ln(R / r )
sr 

   (18) 
where P0 and V0 are the pressure and volume, respectively, of the water vapor after 
the expansion, r0 is the radius of the filament after expansion, αs is the specific heat 
ratio of the water vapor. The force produced by P0 should be in balance with the 
forces created by both surface tension and total environmental hydrodynamic pressure 





1 λP P ρ(CM )
2 r
    (19) 
Another set of equations can be obtained through the consideration of energy 
conservation. The energy required to vaporize water is the electric energy provided 
48 
 
by the power supply. If the entire filament is viewed as a capacitor with capacitance C, 





  (20) 
The capacitance of the cylindrical filament is: 
 0 0C 2πεε L / ln(R / r )  (21) 
So the energy change required to extend the length by δL becomes: 
 20 0 0δE πεε δLΦ / ln(R / r )  (22) 





p l g 0
εε Φr ρ(c ΔT ΔH ) ln(R / r )
   (23) 
Assuming α ≈ 1 due to the low compressibility of water, and rearranging Eqs. 
(11), (14), (18), (19) and (23) to eliminate M2, re and Pg, one can get a set of equations 
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Fig. 23. Variations of filament radius as a function of applied voltage and inter-
electrode distance. 
For water vapor, αs can be assumed to be 1.3 [102]. For high-temperature 
underwater discharges, the translational plasma temperature was measured to be 
between 4000K ~ 6500K [103]. An average value of 5000K is used for ΔT in the 
present study. Figure 23 shows the Mach number of filament propagation, M1, as a 
function of Φ0 and R. The propagation velocity is about 50 km/s, which is higher than 
the secondary streamer velocity of 25 km/s reported by An [82], but lower than the 
value of 200 km/s reported by Woodworth and his coworkers [99]. The discrepancy 
in the two measurements probably comes from the different techniques used for the 
velocity measurements. The value of M1 remains constant for various values of Φ0 
and R, indicating that the propagation velocity of the streamers is independent of 
either the applied voltage or inter-electrode distance. Similar phenomenon was 
observed previously [82, 99], where the propagation velocity of secondary streamers 
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was constant over a wide voltage range. Figure 24 shows the filament radius as a 
function of Φ0 and R. The radius increases slightly as the streamers approaches the 
other electrode, while it decreases almost linearly as the applied voltage drops. The 
absolute value of r0 is about one order smaller than that obtained from the electrostatic 
model. This can be understood if one considers the energy requirements for the two 
mechanisms. For the evaporation of water, the energy needed to break the hydrogen 
bonds between water molecules should be much greater than that required to displace 
the same volume of water.  





















Fig. 24. Variations of the Mach number of streamer as a function of applied voltage 
and inter-electrode distance. 
The different models based on the electrostatic force and evaporation of water 
give different results of the streamer propagation speed and filament radius.  The 
electrostatic model shows streamers with a larger radius and a lower Mach number, 
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axisymmetric perturbation of a filament surface with a certain electric charge density 
is presented. As long as the wavelength of the perturbation is much smaller than the 
length of the filament, the stability characteristics can be approximated by 
considering perturbations to a charged cylinder of constant radius as shown in Fig. 25. 
H is the depth of wave influence, and u is the velocity of liquid relative to the 
disturbance. The peak-to-peak amplitude and wave number of the disturbance are h 
and k, respectively. Then the surface of the perturbation can be represented by the 
following equation: 
 0
hr r exp(ikz ωt)
2
    (26) 
where ω is the oscillation frequency of the instability. To analyze the linear stability, 
the disturbance of the local electrostatic force, surface tension and hydrodynamic 
pressure are considered following a geometrical perturbation. Generally, the surface 
tension tends to minimize the surface area and subsequently stabilizes the disturbance, 
while the local enhancement of the electrostatic force tends to push the disturbance to 
grow. In the reference frame that moves together with the tip of filament, the effects 
of these three forces are considered separately for the pressure balance between the 
crest and trough along the stream line (see Figure 19).  
4.3.1. Electrostatic Pressure 
According to Eqs. (6) - (9) , the electrostatic pressure is proportional to the 
square of the local curvature of the interface, which is different at the crest and trough 
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of the perturbation. Thus the electrostatic pressures at the crest and trough, PE,c and 




E,c r 0 0P ε ε Φ 4




E,t r 0 0P ε ε Φ 4
  (28) 
where εr is the relative permittivity of water, and χc and χt are the mean curvatures at 
the crest and trough, respectively. The expression for the mean curvature can be 
written as [104]: 
 z z z z2 3/22
zz
( r)1 1 ( r)
(1 ( r) ) rr 1 ( r)
           (29) 




r h / 2 2




r h / 2 2
    (31) 




E,c r 0 0 r 0 0 2
0 0
1 hkP ε ε Φ ε ε Φ ( )
4 (2r h) 2(2r h)




E,t r 0 0 r 0 0 2
0 0
1 hkP ε ε Φ ε ε Φ ( )
4 (2r h) 2(2r h)
     (33) 
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Thus, the electrostatic pressure difference between the crest and trough becomes: 
 
2 2 2
r 0 0 r 0 0
, , 3
0 0
ε ε Φ h ε ε Φ hk
2 2E E c E t
P P P
r r
       (34) 
4.3.2. Surface Tension 
The pressures due to the surface tension across the interface at the crest and 
trough can be written as: 
 2T,c c
0
1 hP γ γ( k )
r h / 2 2
    (35) 
 2T,t t
0
1 hP γ γ( k )
r h / 2 2
    (36) 
Thus the pressure difference due to surface tension between the cress and trough 
becomes: 
 2, , 2 2
0
γh γhk
/ 4T T c T t
P P P
r h
       (37) 
Since r0>>h, the above equation can be simplified as: 
 22
0
γh γhkTP r     (38) 
4.3.3. Hydrodynamic Pressure 
When there is a disturbance on the interface of the filament, the flow speed of 
liquid will be perturbed in the depth of wave influence, inducing a hydrodynamic 
pressure difference ΔPH between the crest and trough:  
55 
 
 2 21 1( ) ( )
2 2 2 2HD
u uP u u u u           (39) 
where Δu/2 is the perturbation in the flow speed caused by the shape of  the wave. 
The dynamic pressure is related to the flow speed through Bernoulli’s equation. The 
pressure difference from the electrostatic force and dynamic effect of the flow has the 
opposite sign to the pressure difference due to the surface tension. For a balance 
between two kinds of oppositely directed pressure differences one has:  
 
2 2 2
2 r 0 0 r 0 0
2 3
0 0 0




        (40) 
In order to solve Eq. (40), the perturbed flow speed Δu must be expressed in 
terms of experimentally measurable quantities. The following derivation is inspired 
by Kenyon [105].  
Assuming that the perturbed flow speed is constant over the depth of wave 
influence, the mass conservation equation through vertical cross-sections between the 
crest and trough becomes: 
 h hH H
2 2 2 2
u uu u                      (41) 
where H is the depth of wave influence. The above equation can be reduced to: 
 u h u H     (42) 






k  (43) 
Using Eqs. (42) and (43) to eliminate H and Δu, Eq. (40) becomes: 
 
2 2









k        (44) 
Since this is a quadratic equation, there will be two different branches of the 
dispersion relation, and an instability occurs if Re(ω) > 0. The first thing to note in Eq. 
(44) is that when the applied voltage Φ0 is equal to zero and the surface is flat, in 
other words, when the radius of the filament r0 goes to infinity, the above equation 
reduces to u2 = k, which is the equation for the classic two-dimensional Rayleigh 
instability.  














Fig. 26. Instability growth rate ω at low applied voltages. k and ω are 
nondimensionalized using streamer radius r0  and time scale t = (ρr03/γ)1/2 . 
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Figure 26 shows the instability growth rate ω at a low applied voltage, where 
the process is in Rayleigh mode. The dashed line represents the classic Rayleigh 
instability for Φ0 = 0 and r0 → ∞. For Φ0 ≠ 0 and r0 is finite, instability only happens 
at high wave numbers. When the voltage increases under this mode, the growth rate is 
decreased until fully suppressed at a certain critical value. The physical explanation to 
this can be as follows: the Rayleigh instability occurs due to surface tension, a 
phenomenon which always acts to break a cylindrical jet into a stream of droplets; on 
the other hand, the electrostatic force, which is proportional to the square of the 
applied voltage, always acts on the opposite direction of the surface tension. When 
the applied voltage increases, the Rayleigh instability will be suppressed when the 
two forces are balanced.  













Fig. 27. Instability growth rate ω at high applied voltages. k and ω are 
nondimensionalized as in Fig. 26. 
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As the voltage continues to increase, the instability is dictated by the 
electrostatic mode, where the electrostatic force exceeds the force created by the 
surface tension and becomes the dominant force. Figure 27 shows the instability 
growth rate ω at a high voltage.  Both the growth rate and the range of wave number 
increase as the voltage rises. The physics of this mode is a consequence of the 
interaction of the electric field with the surface charge on the interface; surface 
tension is a parameter of less importance for this mode. The mechanism for the 
instability is that a perturbation in the radius of the filament induces a perturbation in 
the surface charge density and therefore a perturbation in the electrostatic pressure. At 
a high voltage, the perturbation is amplified by the fact that the electrostatic pressure 
PE is proportional to Φ2, causing the instability. In contrast to the Rayleigh mode, the 
instability in the electrostatic mode is unavoidable at low wave numbers (long 
wavelength).  This may explain why the filament always tends to branch into bush-
like structures.  
In conclusion, the electric breakdown of water involves both the generation 
and propagation of low density channels through liquid. Different physical processes 
and interactions between different phases of the media should contribute to the 
complexity of the problem. In the current section, different modes of the streamer 
propagation have been considered into simplified steps, with each step characterized 
by a driving force and the corresponding hydrodynamic drag. The effects of the 
electrostatic force and local heating on the streamer propagation have been analyzed 
using simplified assumptions. It is shown that both of them are dominant for the 
streamer propagation, but at different time scales. Furthermore, a linear instability 
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analysis has been performed on a charged cylindrical streamer in an external electric 
field to understand the bush-like growth pattern of breakdown in liquid. It is shown 
that the stability may be caused by the competition between perturbations in the 
electrostatic pressure and surface tension caused by the disturbance of the streamer 
geometry. With increasing applied voltage, the electrostatic instability is found to 





Chapter 5. Application of Spark Discharge for Scale Removal on Filter 
Membranes 
In the next few sections, new developments of underwater plasma treatment at 
Drexel Plasma Institute for various applications will be reported. First, the application 
of spark discharge for scale removal on filter membranes is studied. In modern 
wastewater treatment, filters are routinely used for removing unwanted particles from 
water. Conventionally, microfiltration methods are used to remove suspended 
particles from water. Whenever a filter is used in a water system, the pressure drop 
across the filter gradually increases with time and/or the flow rate gradually decreases 
with time. This reduced performance of a filter is due to the accumulation of 
impurities on the filter surface, and the clogged area becomes sites for bacteria 
growth for further reducing the opening in the filter surface, increasing the pumping 
cost. Therefore, in order to continuously remove suspended particles from water, the 
filter must be replaced frequently, a process which is prohibitively expensive in most 
industrial water applications. To overcome the drawbacks of frequent filter 
replacement, self-cleaning filters are commonly used in industry. Although there are a 
number of self-cleaning filter technologies available on the market, most self-
cleaning filters use a complicated backwash method, which reverses the direction of 
flow during the cleaning phase. Furthermore, the water used in the backwash must be 
clean filtered water, which reduces the filter capacity. Aforementioned drawbacks of 
the conventional filter technologies motivated the authors to develop a new self-
cleaning filter using spark-generated shockwaves. 
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As illustrated in previous sections, strong shockwaves can be formed during 
the process of pulsed arc or spark discharge. The energy transferred to the acoustic 
energy can be calculated as [107]: 
dtPtrP
C




                       (45) 
where r is the distance from the spark source to the pressure transducer, ρ0 is the 
density of water, C0 is the speed of sound in water, P0 is the ambient pressure.  One 
can conclude that the pressure created by the spark discharge is much higher than 
ambient pressure at positions close to the source. Traditionally, the high-pressure 
shockwave is studied for high-voltage insulation and rock fragmentation, while 
recently it has found more applications in other areas including extracorporeal 
lithotripsy and metal recovery from slag waste [108-110].  
In order to validate the concept to use spark discharge for filter cleaning, an 
experimental setup was built where discharges could be produced in water, and 
pressure drop across a filter surface was measured over time at various spark 
frequencies and flow conditions. It was hypothesized that the energy deposited by the 
spark shockwave onto water-filter interface was enough to remove the contaminants 
having Van der Waals bonds with filter surface. The objective of the study was to 
examine the feasibility of a self-cleaning water filtration concept using spark 
discharges in water. 
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Usually filters have to be cleaned or replaced when excessive amounts of 
foreign materials are accumulated on the filter surface. The decision to clean or 
replace a filter is often based on the changes in flow rate or pressure drop across the 
filter. When the pressure drop increases to a pre-determined value or the flow rate 
reduces to a pre-determined value, the filter is cleaned or replaced. In the present 
experiment the pressure drop across the filter with a filter surface area of 25 cm2 was 
measured using a differential pressure transducer (Omega PX137-015AV). The 
analog signal from the pressure transducer was collected and digitized by a data 
acquisition system (Dataq DI-148U) and processed by a computer.  
A pulsed power system in the present study consisted of three components: a 
high-voltage power supply with a capacitive energy storage, a spark-gap based switch, 
and a discharge source immersed in water. A schematic diagram of the pulsed power 
system is shown in Fig. 29. The high-voltage pulses were provided by a pulsed power 
supply. The power supply charged an 8.5-nF capacitor bank and the pulse was 
triggered by an air-filled spark gap switch. Arc discharge was initiated in the switch 
from the overvoltage produced by the power supply and capacitor, and the spark gap 
made use of a very low impedance of arc to transfer high-power energy within 
nanoseconds. Power deposited into water was analyzed by measuring the current 
passing through the discharge gap and the voltage drop in the gap. For measurements 
of the current a magnetic-core Pearson current probe was utilized (1 V/Amp +1/-0% 
sensitivity, 10 ns usable rise time, and 35 MHz bandwidth).  Voltage was measured 
using a wide bandwidth 1:1000 voltage probe (PVM-4, North Star Research Corp.).  

























 29.6 kV. T
reakdown 
er the next
red to a spa









 12 µs due t
rk. The rate






re of a spa
eep rise in t
 gap, after w
o a long de
 of the volt
rrent profil
width, 5 × 
d using a cu
 a pulsed po












































which show initially sharp peaks and then very gradual changes over the next 12 µs. 
At t ≈ 12 µs, there was a sudden drop in the voltage indicating the onset of a spark or 
the moment of channel appearance, which was accompanied by sharp changes in both 
the current and voltage profiles. The duration of the spark was approximately 3 µs, 
which was much shorter than the duration of the corona. It is worth to mention that 
the energy dissipated in electrolysis can be comparable with, or even higher than the 
energy deposited in spark, especially at high-conductivity water conditions, because 
of the conduction current.  The pulsed energy stored in the capacitor Eb was about 2.0 
J, which was calculated by  
Eb=0.5CVb2                               (46)  
where C was 8.5 nF, and Vb the capacitor voltage was 21.5 kV. The value was much 
lower than the peak-to-peak electrode voltage because of the oscillation in electric 
circuit upon the closing of spark gap. By integrating the voltage and current, the 
energy deposited into spark discharge was calculated as 
 21 )()(ttp dttItVE       (47) 
where V(t) and I(t) are the voltage and current measured by the oscilloscope 
respectively, t1 and t2 are the starting and ending times of the spark, respectively. The 
result was approximately 1.9 J/pulse, showing most of the energy stored in the 
capacitor finally went into the spark discharge. 
The spark discharge source in water consisted of a stainless steel 316 wire 
electrode (anode) with a radius of 2 mm and an exposed length of 5 mm, and a 
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stainless steel mesh which acted as both a filter surface and grounded cathode. The tip 
of the anode electrode was sharpened to 0.2 mm diameter to provide a field 
enhancement. The distance between the anode electrode and stainless steel mesh was 
10 mm. The opening in the stainless steel mesh was 10 µm. The electric conductivity 
of the tap water (provided by the City of Philadelphia) used in the experiment was 
approximately 400 µS/cm. The value was maintained at 1000 µS/cm after the 
introduction of CaCl2 and Na2CO3. No significant change was observed in the 
conductivity after the application of the spark discharge.  
5.2 Results and Discussion 



























Fig. 31. Changes in pressure drop at three different flow rates with an artificially 
hardened water. 
Figure 31 shows the changes in the pressure drop under various flow rates 
ranging from 200 to 400 mL/min without spark discharge. The pressure drop for a 
flow rate of 400 mL/min was approximately 50 Torr at the beginning of the test, 
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which approached to an asymptotic value of about 400 Torr at t = 3.5 min, indicating 
that the filter was fully covered by the particles.  In all three cases of different flow 
rates, the pressure drop slowly increased during the first 30 s. In the following 2-3 
minutes the pressure drop increased rather rapidly, arriving at respective asymptotic 
values.  


























Fig. 32. Variations of pressure drop after one single spark discharge at three different 
flow rates with an artificially hardened water. 
Figure 32 shows the long-time response of the pressure drop across the filter 
surface after one single spark discharge at three different flow rates of 200, 300 and 
400 mL/min. One could visually observe that some particles were dislodged from the 
filter surface and were pushed away from the filter surface by tangential flow, and a 
sudden change in the pressure drop immediately following the single spark discharge 
confirmed the removal of the deposits from the filter surface.  
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The cleaning effect can be explained by the pressure pulse produced by spark 
discharge. A number of researchers studied the bubble growth by spark discharge in 
water [112-115]. One of the most effective models is Kirkwood-Bethe model as given 





















R     (48) 
where C and H are the speed of sound of the water and the specific enthalpy at the 
bubble wall, respectively. R is the radius of the bubble wall. The overdots denote the 
derivatives with respect to time. By expressing the time derivative of specific 
enthalpy as a function of derivative of plasma pressure P inside the bubble, Lu 















2[),(     (49) 
where A, B and n are constants (A = 305.0 MPa, B = 304.9 MPa, n = 7.15), r is the 
distance from the source of the spark to the pressure transducer, and  
)2/(
..
RRHRG  , 0/)( CRrttr      (50) 
Using the above equation, Lu simulated that for a spark discharge with energy of 4.1 
J/pulse, the maximum pressure at a distance of 0.3 m could be up to 7 atm [107]. The 
cleaning effect was due to the rapid pressure change produced by a spark discharge.  
   With a single pulse, it took approximately 3 min for the pressure drop to return 
to its asymptotic value after the application of the single spark discharge. This 
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suggests that one needs to repeatedly apply spark discharges to effectively remove the 
particles from the filter surface over an extended period. 


























Fig. 33. Changes in pressure drop under repeated pulsed spark discharges with an 
artificially hardened water. 
Figure 33 shows the changes in the pressure drop over time for three different 
flow rates. One spark discharge was applied every minute from the supply-water side 
(i.e., untreated water side) where the accumulation of suspended particles takes place. 
For the case of 300 mL/min, the pressure drop decreased from the maximum 
asymptotic value of 350 Torr to 230 Torr after the first spark discharge.  Since water 
with particles was continuously circulated through the filter surface, the pressure drop 
began to increase immediately after the completion of the first spark discharge as 
shown in Fig. 32. The second and third spark discharges further reduced the pressure 
drop to 170 and 125 Torr, respectively. The pressure drop again began to increase 
immediately after each spark discharge. The sixth spark discharge brought the 
pressure drop down to a value of approximately 65 Torr, and subsequent spark 
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discharges almost resulted in the minimum value of the pressure drop. For the cases 
of 200 and 400 mL/min, similar trends of the changes in the pressure drop were 
observed.  























































Fig. 34.  Changes in pressure drop under repeated pulsed spark discharges with 
frequencies of (a) 2 pulses/min and (b) 4 pulses/min. 
Figures 34(a) and 34(b) show the changes in the pressure drop under repeated 
pulsed spark discharges with frequencies of 2 and 4 pulses/min respectively. Three 
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horizontal arrows indicate the original asymptotic values for three different flow rates, 
which were the maximum pressure drop due to clogged filter surface by calcium 
carbonate deposits. First spark discharge significantly reduced the pressure drop in 
both cases. After that, the rate of the reduction slowed down. The pressure drop 
oscillations because of the application of spark pulses reached quasi-steady conditions 
after about 10 pulses for both cases. In these oscillations, the maximum pressure drop 
decreased to about 45% of its original asymptotic value, while the minimum pressure 
drop was close to that of the clean filter.  These results demonstrate the validity of the 
present spark discharge method. Note that the present cleaning method using the 
spark discharge does not require a back wash to remove deposits from the filter 
surface nor stopping the flow. Furthermore, the present spark discharge method can 
maintain the pressure drop across the filter at a rather low value (i.e., almost close to 
the initial clean state), thus providing a means to save not only fresh water but also 
electrical energy for the operation of pump and required for the back wash in the 
conventional back-wash system. 
Figure 35 shows the changes in the pressure drop over time with the anode 
electrode placed beneath the filter membrane (i.e. plasma discharge was applied from 
the treated water side). In this case, the momentum transfer from the shockwave to 
particles on the filter surface was indirect and had to go through the membrane. 
Figure 35 clearly shows that the pressure drop did not improve significantly in this 
case, indicating that the cleaning effect was negligible comparing with the case when 
the electrode was placed at the untreated water side. The fact that the momentum 
transfer from the shockwave to the membrane was weak is actually good news. The 
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low energy transfer rate means that the present spark discharge may not deform the 
membrane significantly and therefore will not damage the membrane, and has the 
potential to be applied in the cleaning of more delicate membranes such as in a 
reverse osmosis as well as solid filters over an extended period of time.  




















 Electrode beneath membrane
 Electrode above membrane
 
Fig. 35. Comparison of pressure drop across filter membrane under repeated pulsed 





Chapter 6. Plasma-Assisted Calcium Carbonate Precipitation 
As mentioned in the introduction section, thermoelectric generation accounted 
for 39% (136 billion gallons per day) of all freshwater withdrawals in U. S. in 2000, 
second only to irrigation [1]. Each kilowatt-hour (kWh) of thermoelectric generation 
requires the withdrawal of approximately 25 gallons of water, which is primarily 
consumed for cooling purposes.  
Since heat removal from condenser tubes requires the evaporation of pure 
water, the concentration of the mineral ions such as calcium and magnesium in the 
circulating cooling water increases with time.  Even though the makeup water is 
relatively soft, the continuous circulation eventually increases the hardness of the 
water due to pure water evaporation. These mineral ions, when transported through 
piping in ordinary plumbing system, can cause various problems, including the loss of 
heat transfer efficiencies in condensers and pipe clogging due to scale formation 
[116-117]. Thus, in order to maintain a certain calcium hardness level in the cooling 
water, one must discharge a fraction of water through blowdown and replace it with 
makeup water.  In a typical cooling tower application, the cycle of concentration 
(COC) in cooling water is often maintained at 3.5.  That means if the calcium 
carbonate hardness of the makeup water is 100 mg/L, the hardness in the circulating 
cooling water is maintained at approximately 350 mg/L. If the COC can be increased 
through continuous precipitation and removal of calcium ions, one can significantly 
reduce the amounts of makeup and blowdown water, resulting in the conservation of 
fresh water.   
74 
 
Various chemical and non-chemical methods are used to prevent scaling and 
thus increase the COC. Among them the scale-inhibiting chemicals like chlorine and 
brominated compounds were the best choice for the control of mineral fouling. 
Although it had a high success rate, there were also many disadvantages and concerns 
in their use. Aside from the high cost of chemicals, more stringent environmental 
laws increased the costs associated with their storage, handling and disposal. These 
chemicals also pose danger on human health and environment with accidental spills, 
or accumulated chemical residues over a long period of time [116, 118]. Thus, there 
is a need for new approach which is safe and economical from both environmental 
and cost points of view in cleaning and maintenance of heat exchangers. Physical 
water treatment (PWT) is a non-chemical method to mitigate mineral fouling with the 
use of electric or magnetic fields, catalytic surfaces, ultrasounds, or sudden pressure 
changes. Numerous studies have been reported for the effectiveness of ultrasound 
[119], solenoid coils [120-122], magnetic fields [123-124], catalytic material [125-
126], and electrolysis [127]. 
Herein the present study reports for the first time the pulsed-spark-discharge-
assisted precipitation of dissolved calcium ions in hard water system. By measuring 
the variations of calcium and bicarbonate ion concentrations, the solution pH, and the 
size and number of solid particles suspended in water, the effect of the spark 
discharge treatment on the nucleation precipitation of calcium carbonate was studied. 
The morphology of the precipitates was examined by scanning electron microscopy, 
whereas their crystal structure was identified by X-ray diffraction. 
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phosphor oscilloscope (DPS) (500 MHz bandwidth, 5 × 109 samples/sec, TDS5052B, 
Tektronix). Acquired data were then integrated using a customized MATLAB code. 
Typical voltage and current waveforms are shown in Fig. 38. A fast rise time 
(~9 ns) was obtained with the closure of a spark-gap switch. The peak-to-peak 
voltage was about 24 kV. The pre-breakdown time, i.e. the time required before the 
spark formation was about 8.8 µs. During the pre-breakdown time, the energy was 
mostly consumed by ionic current due to the high conductivity of water samples. 
After that the abrupt increase in current was observed. This may possibly indicate that 
spark was formed as the streamer reached the other electrode and formed the highly 
conductive channel. The Full-Width at Half-Maximum (FWHM) of the major current 
pulse during spark discharge was 1.1 µs. The typical peak-to-peak breakdown current 
was 98 A. It is worth to mention that the energy dissipated in pre-breakdown current 
can be comparable with, or even higher than the energy deposited in spark, especially 
at high-conductivity water conditions.  The pulsed energy stored in the capacitor Eb 
was about 1.7 J, which was calculated by Eq. (46). By integrating the voltage and 
current, the energy deposited into the spark discharge was calculated as 
 ܧ௦ ൌ ׬ ܸሺݐሻܫሺݐሻ݀ݐ௧మ௧భ           (51) 
where V(t) and I(t) is the voltage and current measured by the oscilloscope 
respectively, t1 and t2 is the starting and ending point of the spark respectively. 
Similarly, the energy dissipated in the pre-breakdown stage was calculated as 
 ܧ௣ ൌ ׬ ܸሺݐሻܫሺݐሻ݀ݐ௧భ௧బ           (52) 
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where t0 is the time when the high voltage was applied. The value of Es and Ep was 
approximately 0.69 J/pulse and 0.81 J/pulse, respectively, indicating that about 88% 
of the energy stored in the capacitor was deposited in water. The rest of the energy 
was possibly dissipated in the circuit during the discharge process.   
6.1.3 Water Treatment 
Water samples with different initial calcium hardness (i.e. Sample 1, 2 and 3) 
were treated by spark discharge in a PTFE cylinder. In each run, 1 liter of solution 
was exposed to the discharge for 20 min. The frequency of the discharge was set as 2 
Hz. Hence, the total energy deposited into 1-L water during a 20-min treatment can 
be calculated as about 3,600 J. The temperature difference before and after treatment 
was less than 1.5oC, so it can be concluded that no significant bulk heating was 
caused by the spark discharge. 10 ml of the sample was extracted every 5 min for pH 
and ion concentration measurement. A filter with 0.5-μm pore size was used to 
remove suspended CaCO3 from the sample. After that calcium ion concentration was 
analyzed by standard ethylenediaminetetraacetic acid (EDTA) titration, and 
concentration of bicarbonate ion was decided by total alkalinity test and 
phenolphthalein alkalinity test [129]. Untreated samples were collected from the 
stock solution at the same time intervals in order to evaluate the loss of calcium as a 
result of the natural precipitation process.  
After the 20-min plasma treatment, the water was spray circulated for 12 
hours to degas the excessive CO2 dissolved in water and to observe the residual effect 
of the plasma. Then the water sample was treated again by the spark discharge for 20 
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min. The process was repeated for three times over a 36-hour period until the 
hardness reaches an asymptotic value. The same experiments without plasma 
exposure were also carried out as reference. All the experiments were replicated 3 
times and the average values were calculated. 
 Before and at the end of each experiment, a laser particle counter (Spectrex 
Model PC-2200) was used to count the size distribution of particles in suspension. 
After that, the solids were filtered with a pressurized filter (0.5-μm pore size) and 
dried in vacuum. Scanning electron microscopy (SEM) images and X-ray diffraction 
(XRD) analyses were carried out at Drexel SEM and XRD laboratories. SEM (FEI 
XL30) images were obtained to examine the topography of the deposits. Prior to each 
SEM examination, the deposits samples were coated by platinum through low-
vacuum sputter coating in order to prevent the accumulation of static electric charge 
during the irradiation of electrons. XRD (Siemens D500) analyses were conducted to 
characterize the crystallographic structure of the scale deposits.  
6.2 Calcium Carbonate Precipitation Results 
6.2.1 Effect of Immediate Plasma Exposure 
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Figure 39 presents the variation of pH and calcium ion concentration as a 
function of time and input plasma energy, and their comparisons with no-treatment 
cases.  For the case of Sample 1, the calcium ion concentration dropped from the 
initial value of 96 mg/L to 71 mg/L after 10 min of plasma treatment. After that the 
hardness would reach asymptotic value and not decrease with further input of energy. 
Accompanying the drop of the calcium ion concentration, the pH of the treated water 
sample decreased from 8.67 to 8.51, possibly because of the liberation of H+ ions 
according to: 
ܥܽଶା ൅ ܪܥܱଷି → ܥܽܥܱଷ ൅ ܪା																																												ሺ53ሻ 
Additionally, the ionization of water molecules by high-energy electrons from plasma 
discharge may also contribute to the decrease of the pH through the following 
reaction: 
ܪଶܱ ൅ ݁ → ܪଶܱା ൅ 2݁																																																				ሺ54ሻ 
ܪଶܱା ൅ ܪଶܱ → ܪଷܱା ൅ ܱܪ∗																																											ሺ55ሻ 
Samples 2 and 3, with initial calcium ion concentration of 128 mg/L and 164 mg/L, 
respectively, showed a similar trend as Sample 1. The hardness was reduced by about 
25% after 10-min treatment, with an energy input of approximately 1800 J/L. In 
comparison to the plasma treated cases, no significant change was observed for the 
no-treatment cases. 
Figure 40 presents the variations of bicarbonate ion concentration with time 
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treatment as compared to 2,445 for particles greater than 10 μm. After treatment, a 
significant increase in the number of particles was observed for all cases as compared 
to the no-treatment cases. For Sample 1, the number of particles with size between 1 
and 10 μm increased from 39,904 at the initial state to 77,680 at the end of the 
treatment, while the number of particles with size over 10 μm increased from 2445 to 
3529. For Samples 2 and 3 (Figs. 41b and 41c), particles smaller than 10 μm also 
made up the majority of the suspended solids in water. The number of small particles 
(i.e., below 10 μm) after the treatment was significantly increased comparing with 
that obtained at no-treatment cases.  












Assuming that all the particles were in the spherical shape for the purpose of 
mathematical estimation, the total mass of suspended solid contents m was calculated 
using the following equation: 
( 62 ) 3













                                                     (56) 
where ρ is the density of the CaCO3 particle, d is the diameter of the particle, Nd is  
the number of particles.  ρ is taken as 2.7 g/cm3, which is the density of calcite. For 
Sample 1, the total mass of solid particles before the treatment was 64 mg/L, which 
corresponded to 64 mg/L CaCO3 hardness. The value increased to 104 mg/L after the 
plasma treatment, which means that the difference of a 40 mg/L of ionic content in 
water was transformed from the dissolved ionic states into solid content during the 
process. Aforementioned titration results from Fig. 39(a) showed that the calcium ion 
hardness in water was reduced by 25 mg/L, equaling to 62.5 mg/L of calcium 
carbonate hardness. Considering that the resolution of the laser particle counter was 1 
μm, which means that the precipitation of particles with less than 1-micron-diameter 
was not taken into account, the results obtained by titration and laser particle counting 
was in good agreement, demonstrating that the calcium ions was transformed into 
calcium carbonate solids during the process. For all three cases, the results are 
summarized in Table 4.  
Figure 42a shows the SEM photographs of particles retrieved from Sample 1 
without plasma treatment. Chemical composition of the particles was analyzed by 
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treated water. For Sample 1, the pH value increased from 7.74 to 7.92 during this 
period, indicating releasing of CO2 gas from water solution. In the mean time, the 
hardness decreased from 190 mg/L to 160 mg/L (see two arrows in Fig. 45a). After 
that the water sample was treated again by the spark discharge for 20 min, and the 
hardness dropped from 160 mg/L to 140 mg/L before reaching another equilibrium. 
At the end of a 36-hour test, the hardness reached the final asymptotic value shown in 
Fig. 45a, which indicated an approximate 45% reduction from the initial hardness. 
Similar results were observed for both Samples 2 and 3 with hardness reductions of 
53% and 59%, respectively. For example, for Sample 3 with an initial hardness of 
420 ppm, the final hardness was 170 ppm at the end of 36-hr circulation with three 
brief daily plasma treatments.  Note that when the 12-hour-interval 20-min plasma 
treatment was not used, the hardness of Sample 3 increased to 440 ppm after 36-h 
circulation, 5% increase in hardness obviously due to the evaporation of pure water as 
shown in Fig. 45a.   
In summary the hardness of water could be reduced by 45-59% by the 
combination of plasma discharges and spray-circulation. Since the plasma treatment 
was applied for only 20 min in the 12-hour interval, and spray-circulation is a 
standard operation for cooling water in cooling tower, plasma discharge can be 
regarded as a “catalyst” for precipitation.     
6.3. Mechanism Study 
6.3.1. Discussions of Possible Mechanisms 
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This is the first time, to the authors’ knowledge, that the precipitation of 
dissolved calcium ions in water by the application of plasma discharge was studied. 
In this section, the possible mechanism for the plasma-induced calcium-carbonate 
precipitation is discussed.  
First, the effect of electrolysis, which is another hard water softening 
technology using electric energy, is examined. Gabrielli and his coworkers studied 
the principle of softening process by electrolysis and showed that the precipitation 
was induced by the local pH increase near the vicinity of the cathode [127]. A model 
electrolyser with an electrode area of 560 cm2 was tested. Under the operating current 
density of 20 A/m2, applied voltage of 12 V and flow rate of 6 L/h, the Ca2+ hardness 
of the water sample was reduced from 96 mg/L to about 72 mg/L when a quasi-steady 
state operation was achieved. Hence the energy consumption was calculated as 806 
J/L.  
For the present spark discharge, electrolysis most likely took place during the 
pre-breakdown stage, as the current would be transferred by the ionized gas after the 
formation of the conductive channel between the two electrodes. The same level of 
hardness reduction was achieved as in Gabrielli’s experiments after applying spark 
discharge in Sample 1 for 10 min, as shown in Fig. 39a. The energy dissipation in the 
pre-breakdown stage was calculated as 984 J/L based on the results shown in Fig. 38. 
However, it was difficult to estimate the exact amount of energy consumed by 
electrolysis, as multiple physical and chemical processes, including ionization, light 
emission, cavitation, shockwave and reactive species formation, were initiated during 
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the same stage. But certainly, only a fraction of the 984 J/L energy was dissipated in 
electrolysis.  
Another factor that may subdue the effect of electrolysis is the mixing of the 
liquid caused by the formation of shockwaves. It may prohibit the formation of local 
high pH area near vicinity of the cathode. Therefore the electrolysis-induced-
precipitation might be suppressed in the present experiment, and it could be 
concluded that the reduction of water hardness may not be the sole effect of the 
electrolysis, though it may contribute partially to the precipitation process.  
Next the chemistry behind the CaCO3 precipitation is described. The main 
reactions of precipitation and dissolution of calcium carbonate in hard water system 
are [129]: 
ܥܽଶାሺ௔௤ሻ ൅ ܥܱଷଶିሺ௔௤ሻ ⇔ ܥܽܥܱଷሺ௦ሻ                                                         (57) 
and 
ܥܽܥܱଷሺ௦ሻ ൅ ܪାሺ௔௤ሻ ⇔ ܥܽଶାሺ௔௤ሻ ൅ ܪܥܱଷሺ௔௤ሻି                                               (58) 
In a saturated condition, the forward reaction of the precipitation of CaCO3 
does not take place as both calcium and bicarbonate ions are hydrated. When water is 
supersaturated and there is sufficient energy supplied, the water molecules are 
disturbed or become freed from the ions, resulting in the precipitation of CaCO3. Eq. 
(58) shows the dissolution of solid calcium carbonate by acid, a process that takes 
place during acid cleaning of scaled heat exchangers.  
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Generally, one needs to concern with the above two reactions. In reality, 
precipitation and dissociation reactions are much more complicated. The rate of 
calcium and carbonate ions recombination and crystallization is controlled by three 
reactions. Reaction 1 relates the dissociation of bicarbonate ions into the hydroxyl 
ions OH- and carbon dioxide [131]:  
ܪܥܱଷሺ௔௤ሻି ⇔ ܱܪିሺ௔௤ሻ ൅ ܥܱଶሺ௔௤ሻ    (Reaction 1)                                   (59) 
The forward reaction indicates the dissociation of the bicarbonate ions, which 
is the most critical step from the precipitation process. Of note is that the bicarbonate 
ions do not cause any harm in terms of scaling as long as they remain as bicarbonate 
ions. Reaction 1 shows the first step in the conversion of bicarbonate to carbonate 
ions. The presence of hydroxide ions is best indicated by a local increase in pH, and 
carbon dioxide typically evolves from the water as a gas over time.  
Table 5. Thermochemical data of Reactions 1, 2 and 3 [129] 
 Reaction 1 Reaction 2 Reaction 3 
∆H (kJ/mol) 48.26 -41.06 12.36 
∆G (kJ/mol) 43.60 -20.9 -47.70 
 
In Reaction 2 hydroxyl ions produced from Reaction 1 further react with 
existing bicarbonate ions, producing carbonate ions and water [131]:  
ܪܥܱଷሺ௔௤ሻି ൅ ܱܪିሺ௔௤ሻ ⇔ ܪଶܱሺ௟ሻ ൅ ܥܱଷሺ௔௤ሻଶି     (Reaction 2)                              (60) 
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Reaction 3 is the reaction between calcium and carbonate ions, resulting in the 
precipitation and crystallization of calcium carbonate particles [131]:  
ܥܽଶାሺ௔௤ሻ ൅ ܥܱଷଶିሺ௔௤ሻ ⇔ ܥܽܥܱଷሺ௦ሻ      (Reaction 3)                                (61) 
Table 5 presents the thermochemistry of the above three reactions [129]. The 
values of ΔH and ΔG give some useful insights into the behavior of the system of 
reactions. The endothermic Reaction 1 is the most rate-limiting, since it needs a 
relatively large input of energy to continue in the forward direction based on the high 
enthalpy value. The Gibbs free energy is relatively high, thus this reaction will tend to 
form bicarbonate ions, unless this energy restriction is overcome. In order for 
hydroxide ions to be produced as a result of dissociation of the bicarbonate ions, the 




6.02 ൈ 10ଶଷ݅݋݊ݏ ൌ 0.801 ൈ 10
ିଵଽܬ	ሺ݋ݎ	~	0.5	ܸ݁ሻ														ሺ62ሻ 
To overcome the barrier, enough energy needs to be added to water so that the 
bicarbonate ions can be dissociated, and subsequently precipitating dissolved calcium 
ions to CaCO3 via Reactions 2 and 3.  
Thus, it is clear that dissociation of bicarbonate ions plays an important role in 
the precipitation process, as observed in the experiments (Fig. 40). From 
thermodynamics, the reaction rate coefficient k for Reaction 1 is:  
k ൌ Aeି୉౗/୘																																																																	ሺ63ሻ 
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where A is a constant, Ea is activation energy for the reaction, T is the system 
temperature (in the unit of eV). It is obvious that higher temperature will lead to 
higher precipitation rate. For example, when hard water is heated (i.e., volume 
heating) by boiling or microwave, the calcium carbonate deposit can be usually 
observed in bulk solution or heated surface.  
For plasma treatment cases, the total input energy was on the level on kJ/L, so 
that no significant volume heating exists. However, direct pulsed spark discharges in 
water have been shown to generate a temperature up to 5,000 – 10,000 K (about 0.5 – 
1 eV) inside the plasma channel [60], a phenomenon which is sufficient to induce 
direct pyrolysis of bicarbonate ions. The high temperature zone is highly localized 
around the plasma channel, so that higher efficiency could be achieved over volume 
heating under same energy input level due to exponentially dependence of the 
reaction rate on the temperature. The maximum temperature depends on both plasma 
power and water properties.  
Furthermore, the thermal dissociation of bicarbonate ions may be enhanced by 
emission of UV light from the high-temperature plasma channel, which functions as a 
blackbody radiation source. Full-spectrum UV radiation was demonstrated to be 
produced from spark discharge (Sunka 2001). The VUV (λ = 75 – 185 nm) emitted 
would be absorbed by the water layer immediately surrounding the plasma channel, 
leading to the expansion of the high-temperature zone [27]. However, the amount of 
solution that can be treated directly by the thermal process is still limited by the small 
volume of the high-temperature zone.  
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Another factor that may contribute to the dissociation of bicarbonate ions is 
the electric field. There are reports about the increase of nucleation rate of different 
crystals when subjected to external electric fields [132-134]. Dhanasekaran and 
Ramasamy [135] studied the free energy required for the formation of a two-
dimensional nucleus of any possible shape under electric field. They calculated the 
critical free energy for nucleation as 
∆ܩ ൌ ߚ
ଶߪଶ
4݇ܶሺ݈݊ߙ ൅ ߮ܧଶሻ																																																				ሺ64ሻ 
where β is a constant depending on the geometrical shape of the nucleus, σ is the 
interfacial tension, k is the Boltzmann constant, T is the temperature, α is the 
supersaturation ratio, E is the external electric field, and ߮ is defined as – ε଴vሾቀଵε౩ െ
ଵ
εౢቁ sin
ଶθ൅ ሺεୱ െ ε୪ሻcosଶθሿ/8πkT, where v is the volume of the crystalline nucleus, θ 
is the angle between the direction of the electric field and the nucleation surface, and 
εs and εl are the dielectric constant of the nucleus and solution, respectively. 
According to Dhanasekaran’s theory, the free energy for nucleation decreases as the 
strength of electric field increases at certain angles, which leads to higher nucleation 
rate.  
The effect of electric field could also be explained by the disruption of electric 
double layer of hydrated ions. Dissolved calcium and bicarbonate ions do not react at 
room temperature as both ions are surrounded by water molecules forming electric 
double layers. A number of researchers postulated that the magnetic or electric field, 
if strong enough, might disrupt the electric double layer and initiate the precipitation 
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[136-138].  In order for an electric field to directly affect the electric double layer 
near a negatively charged surface, one needs an electric field that provides force 
which is able to overcome the force in the electric double layer. Typically, there are 
approximately two electron volts across an electric double layer, and the Debye 
length for a dilute solution like water is about 10 nm [139-140]. Thus, the electric 
field required to directly affect the electric double layer becomes approximately 
2V/10nm = 2×108 V/m. To initiate pulsed electric discharges in water using a point-
to-plane electrode system, it is necessary to have a high intensity electric field at the 
tip of the point electrode, which can be calculated as 
ܧ ൎ ܸݎ௘ 																																																																																	ሺ65ሻ 
where V is the applied voltage, and re is the radius of curvature at the tip of the 
electrode. For the present system, V = 24 kV and re ≈ 200 μm, leading to an electric 
field of 1.2 × 108 V/m, which is comparable to the electric field required to disrupt the 
hydration shells of the ions, and could possibly accelerate the dehydration process of 
ionic pair association. Additionally, unlike the highly localized thermal effect, the 
electric effect is not limited to the vicinity of the electrode tip.  After the initiation of 
pulsed discharge, multichannel streamers with lengths up to several centimeters could 
be produced when propagating from one electrode to the other electrode. An and his 
coworkers [82] measured the radius of the streamers and inferred that the electric 
field at the tip of the self-propagating streamers was more than 2×109 V/m. 
Subsequently, the bicarbonate ions may be dissociated along the propagation path of 
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the streamers leading to the precipitation of calcium carbonate in bulk water as 
described earlier. 
For the different saturation levels in different cases, it was hypothesized that it 
could be related to the localization of the beneficial effect of the plasma (electric field, 
heat, electrolysis), and the acidification of the solution by the plasma as described in 
Eqs. (54) and (55), which was detrimental to the precipitation. Dynamic equilibrium 
was possibly reached at different levels between the dissociation of HCO3-, the rate of 
which depended on the property of the solution for different cases, and the production 
of H+, which was largely decided by the input energy. 
Finally, the anticipated benefits of the current work are discussed from the 
economic point of view. For a modern 1000-MW fossil-fueled power plant with 40% 
efficiency, it would reject 1500 MW of heat at full load, and uses about 2,800 m3/min 
of circulating water based on 10oC temperature difference in a condenser [3].  As heat 
is removed via evaporation of pure water at a cooling tower, the need for makeup 
water is about 28 m3/min to compensate the loss through evaporation, wind drift and 
blowdown [3]. Assume that the makeup water is moderately hard with a CaCO3 
hardness of 100 mg/L, the total amount of CaCO3 it brings into the cooling tower is: 
ሶ݉ ஼௔஼ைయ ൌ 28݉ଷ/݉݅݊ ൈ 100݉݃/ܮ ൌ 2800݃/݉݅݊	              (66) 
In a typical cooling tower application, the COC is usually maintained at 3.5.  
That means the hardness in the circulating cooling water is maintained at 
approximately 350 mg/L, and the blowdown rate can be calculated if the wind drift 
loss is neglected: 
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ݍ௕௟௢௪ௗ௢௪௡ ൌ ݍ௠௔௞௘௨௣ܥܱܥ 			ൌ 8	݉
ଷ/݉݅݊																																		ሺ67ሻ 
It has been demonstrated that the present pulsed plasma technology could 
continuously precipitate Ca2+ from water, and potentially allows a cooling tower to 
operate at a higher COC than the current standard due to the reduction in blowdown 
frequency. Ideally, zero blowdown could be achieved, if all the Ca2+ brought in by the 
makeup water is precipitated by the plasma, thus the constant mineral concentration is 
maintained in the main cooling loop without blowdown. The energy cost, as shown 
earlier, is about 1800 J/L to achieve in average 25% reduction in water hardness. 
Assume that the cooling water is treated in a side-stream loop, the flow rate needed is: 
ݍ ൌ ሶ݉ ஼௔஼ைయ350݉݃/ܮ ൈ 25% ൌ 32	݉
ଷ/min 																										 ሺ68ሻ	 
which is approximately 1.2% of the flow rate of the main loop. The power needed to 
treat the water in the side-stream loop can be calculated as: 
ܲ ൌ 1800	ܬ/ܮ	 ൈ 32	 ൈ	10
ଷ	ܮ/݉݅݊
60	ݏ/݉݅݊ ൌ 960ܹ݇																																									ሺ69ሻ 
which is 0.1% of the full capacity of the 1000-MW power plant. In the mean while, 
the flow rate of makeup water can be reduced from 28 m3/min to 20 m3/min, which 
equals a saving of approximately 11,500 m3 per day, due to the elimination of 
blowdown.  
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water, as shown in Fig.46. The diameter of the quartz sleeve was 25.4 mm to avoid 
possible damages by shockwaves produced by the spark discharge. The quartz sleeve 
was found to provide a good UV window for the water samples while effectively 
trapping various chemical reactive species, heat and other effects. Before each test, 
the quartz sleeve was cleaned using 0.1 N HCl solution to remove any possible 
CaCO3 deposit from previous experiments. Test water samples were circulated 
outside the quartz sleeve and treated by the spark discharge produced inside the 
quartz sleeve for the same time periods as in the previous experiments. The results 
were compared to those obtained for the cases without the quartz sleeve, and no 
hardness reduction was observed for the samples treated by plasma separated by the 
quartz sleeve. This indicates that the process of calcium-ion precipitation was not 
triggered by the transfer of energy to water sample through UV radiation. 
6.3.3 Effect of Reactive Species 
From the emission spectrum of the pulsed discharge in distilled water, the 
formation of hydroxyl radicals and other reactive species by underwater plasma 
process was reported [60, 143-144]. In case of hard water, OH radicals would react 
with bicarbonate ions to produce carbonate radicals COଷ∗ି, through the following 
reaction [145-146]: 
HCOଷሺୟ୯ሻି ൅ OH∗ሺୟ୯ሻ ⇔ HଶO ൅ COଷሺୟ୯ሻ∗ି 	ሺk ൌ 8.5 ൈ 10଺	Mିଵsିଵሻ         (70) 
Being a highly oxidizing species, COଷ∗ି	 is known to be active in the oxidation 
of some organic compounds by direct electron transfer to produce the corresponding 
cation radical and carbonate anion [146]: 
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COଷሺୟ୯ሻ∗ି ൅ R ⇔ R∗ା ൅ COଷሺୟ୯ሻଶି 	                                         (71) 
Hence, it is hypothesized that the reactive species produced by the spark discharge in 
hard water may transform the bicarbonate ions into carbonate ions without going 
through Eqs. (59) and (60). To test this hypothesis, multiple layers of polyethylene 
meshes were placed close to the electrodes. Polyethylene is one of the most 
commonly used materials for active-species scavenger in water. Typical rates of the 
reaction between the OH radical and organic materials are in the order of 109 - 1010 
M-1s-1, about 2 orders of magnitude higher than that of the reaction between OH 
radicals and bicarbonate ions. Thus the polyethylene mesh could serve as an effective 
scavenger screen to the radicals. The water samples were circulated and treated for 
the same time period with all the other experimental parameters remained the same as 
in the previous experiments. No significant difference was observed in the calcium-
ion concentration as compared to the results shown in Fig. 39. Therefore, it was also 
concluded that the reactive species were not responsible for the plasma-induced 
calcium-carbonate precipitation.  
6.3.4 Effect of Micro-Heating 
To gain further insight into the structure of the precipitated calcium-carbonate 
particles, morphological and crystallization examination was performed by SEM and 
XRD, respectively. Fig. 42 shows the particles retrieved from the untreated water 
sample. The crystals exhibited the morphology similar to round-shaped vaterite, 
although XRD data showed that the particles were in calcite form (not shown). Fig. 
5b shows the particles retrieved from the plasma-treated water sample. The crystals 
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demonstrated a typical rhombohedron morphology of calcite, suggesting different 
mechanisms of precipitation after plasma treatment. Natural calcium-carbonate 
precipitation is a complex process that has been studied extensively. It is known that 
calcium carbonate exists in three crystalline polymorphs with different structures: 
calcite, aragonite and vaterite. Among them, calcite is the most thermally stable form, 
and is the dominant polymorph of CaCO3 formed by the loss of carbon dioxide or 
evaporation of natural calcium bicarbonate solutions if temperature is the controlling 
factor [Siegal and Reams, 1966]. The other two crystalline forms are metastable 
phases of calcium carbonate, which would transform to calcite spontaneously under 
normal conditions. The transformation process would be expedited on heating. 
Therefore, from the fact that calcite with a rhombohedron morphology was formed 
during the plasma-assisted precipitation process, one may hypothesize that the 
precipitation may be temperature related.  
Direct proof of the validity of this hypothesis is difficult, as it is not easy to 
produce a local heating zone with temperature up to 5,000 – 10,000 K in water 
without inducing other effects. In order to test this hypothesis, the present study 
utilized a transient hot-wire method. When a thin wire immersed in a sample liquid is 
heated by electrical current (i.e., joule heating), the wire can play as an electrical 
heating element and produce an elevated temperature in the surrounding water with. 
The transient hot-wire technique is widely employed today for the measurement of 
the thermal conductivity of fluids over a wide range of temperatures [147-148]. 
Although the temperature rise in the conductivity measurement is usually much lower 
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ݍ ൌ ܸଶ/ܴ/݈ ൌ 2.5 ൈ 10ସܹ/݉                                                (73) 
Hence the temperature rise at the end of heating period was about 825 K. The 
actual temperature rise would be much lower than the theoretical value due to the 
boiling of water. During the cooling period, the time constant for cooling was [150]: 
߬ ൌ ߩܸܿ௣݄ܣ 																																																																							ሺ74ሻ 
where ρ, V, cp and A are the density, volume, specific heat and surface area of the 
platinum wire, h is the convection coefficient of water. Substituting the values for ρ, 
V, cp and A into Eq. (74), one can get 
߬ ൎ 100݄ 	ݏ																																																																			ሺ75ሻ 
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For water, the typical convective heat transfer coefficient h is 300 – 10,000 
W/(m2K) [150], which means under normal conditions, the time constant for cooling 
τ << 1 s, and the wire would be cooled to room temperature during the cooling period. 
Fig. 48 shows the effect of transient hot wire on the changes in calcium-ion 
concentration for three different water samples. For all three cases, about 15% 
hardness decrease was observed for the similar level of energy input despite the much 
lower temperature gradient compared to that in the plasma treatment cases. 
Considering the maximum 25% hardness drop in the case of the pulse spark discharge, 
one can conclude that the local micro-heating can be one of the major pathways to the 
precipitation of calcium ions in hard water.   
White deposits were observed on the filament immediately after the 
application of the pulsed voltage. At t = 15 min, the filament was fully covered by 
calcium carbonate scale, when hardness reduction reached an asymptotic value. It 
could be attributed to the fact that the wire could not function as a hot surface in 
water anymore because of the accumulation of the thermal-insulating CaCO3 scale.  
The scale on the filament was examined using SEM and XRD as shown in Fig. 49. 
Rhombohedral shape calcite was observed, which was similar to the shape of calcium 
carbonate particles collected in the plasma treatment cases. Fig. 50 shows the number 
of particles per 1 ml water sample as a function of particle size before and after the 
hot-wire treatment for Sample 1. No significant increase in the number of particles 
was observed as compared to the no-treatment cases, possibly due to the fact that 
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Fig. 53 shows the changes in calcium-ion concentration with the application 
of the nanosecond corona discharge. Maximum 7% drop in the hardness was 
observed, demonstrating the possibility to trigger the precipitation process through 
non-thermal discharges.  The precipitation rate decreased with time, reaching zero at t 
= 20 min. After that, the hardness value began to increase, possibly because 
precipitated calcium carbonate particles began to re-dissolve due to the ionization of 
water molecules and subsequent acidification of the solution, as illustrated by Eqs. 
(54) – (55). Drop in pH was observed for all three water samples as shown in Fig. 53.  
Fig. 54 shows the number of particles per 1 ml water sample as a function of 
particle size before and after treatment. A significant increase in the number of 
particles, especially for particles with diameter below 10 μm size, was observed, 
indicating the occurrence of precipitation in bulk volume. The particles suspended in 
the bulk volume were collected and examined using both SEM and XRD. Fig. 55 
shows a mixture of irregular and rhombohedral shaped calcite. The former was 
probably pre-existing in the water sample before the plasma treatment. The 
rhombohedral shaped calcite was probably formed during the plasma treatment, 
which was in similar polymorph with calcium carbonate particles collected in the 








Sample 1:  Hardness Reduction;   pH
Sample 2:  Hardness Reduction;   pH
Sample 3:  Hardness Reduction;   pH
























Fig. 53. Variations of calcium carbonate hardness and pH over time for 
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n  is the number of HCO3-  participating in the reaction, and k is the 
reaction rate coefficient.  According to the Arrhenius equation, the reaction rate 
coefficient k becomes:  
TEaAek /                                                        (77) 
where Ea is activation energy, T is the system temperature (in the unit of eV). Due to 
the exponential curve of the equation, the Arrhenius equation indicates that the 
higher the water temperature is, the faster the reaction will be. The present study 
utilized spark discharges in water.  Hence, one can expect a very intense local 
heating of a small volume of water around the tip of the electrode, significantly 
raising the temperature of the small volume of water near the tip.   
 The important scientific issue is whether the spark discharge used in the 
study can dissociate HCO3-  without spending a large amount of electrical energy.  
One can examine two cases (i.e., volume heating and local heating) to find out which 
case produces more  ܱܪି  for the exactly same amount of energy spent.  
For the volume heating, one can assume to heat the entire volume of water by 
one degree  (e.g. from 300K to 301K).  Then, the number of OH- one can produce 









             (78)
 
For the local heating using spark discharge, one can assume to heat 1% of the 
entire water volume by 100 degrees (e.g. from 300K to 400K). The number of 
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HCO3- participating in the reaction is 1 %, i.e., 33 01.0
'
HCOHCO nn  , because spark 
discharge is assumed to heat only  1% of the total water volume. Then, the number 









Comparing the number of the hydroxyl ions produced for the two cases, i.e., OHn  
and ' OHn , one can see that the local heating by spark discharge can produce about 
100 times more ܱܪି, thus 100 times more efficiently precipitate dissolved calcium 
ions in hard water than the volume heating. 
In conclusion, it has been demonstrated earlier that pulsed plasma discharge 
can trigger the precipitation process of calcium carbonate in hard water [128]. 
Equilibrium of calcium ion concentration after approximately 10-min plasma 
treatment was observed in previous experiments. The possibility to shift the 
equilibrium and enhance the precipitation was demonstrated by degassing the 
dissolved CO2 from water through spray circulation. It was hypothesized that the 
precipitation process was associated with different effects produced by the discharge. 
Experiments were conducted showing that UV radiation or reactive species produced 
by the spark discharge was negligible for the precipitation process. The effect of 
micro-heating was tested using a hot wire method, while the non-thermal effect of the 




It was observed that both cases showed about 10% drop of calcium ion 
concentration, indicating that the precipitation process may be associated by both the 
thermal and non-thermal effect of by plasma in water. The morphology of the calcium 
carbonate particles collected from the two experiments was in agreement with that 
collected from water samples treated by conventional thermal spark discharge, 
indicating that the precipitation process may be associated by both the thermal and 
non-thermal effect of plasma. Further investigations are necessary to determine the 





Chapter 7. Application for Mineral Fouling Mitigation in Heat Exchangers 
Calcium carbonate is the most common scale-forming mineral occurring in 
industrial water facilities. It is generally the first mineral to precipitate out either by 
heating or by concentrating water due to its relatively low solubility, although its 
concentration in source water significantly varies depending on locations. Control of 
calcium carbonate scale is thus often the limiting factor in most industrial cooling 
water applications, as it decreases the efficiency of heat exchangers because of the 
insulating effect of the deposits. Furthermore, the formed deposits reduce the opening 
area in heat exchanger tubes, thus requiring more pumping power if one desires to 
maintain a constant flow rate [116-117, 121-122]. A 0.8-mm layer of CaCO3 scale 
can increase the energy use by about 10% [152]. If one can prevent or mitigate 
fouling on heat transfer surfaces, it not only increases heat exchanger efficiency, but 
also reduces the expenses associated with the cleaning of fouled heat exchangers. In 
addition to the benefit of reduced mineral fouling, the cycles of concentration (COC) 
can be increased, resulting in water savings by reduced make-up and blowdown [118-
119, 153-154]. Blowdown is the water drained from cooling equipment to remove 
mineral build-up. 
Various chemical and non-chemical methods have been used to prevent the 
mineral fouling. Among them the scale-inhibiting chemicals like chlorine and 
brominated compounds were the best choices, as they had a relatively high success 
rate. However there were also many disadvantages and concerns in their use. Aside 
from the high cost of chemicals, more stringent environmental laws increased the 
costs associated with their storage, handling and disposal. These chemicals also pose 
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danger on human health and to the environment with accidental spills, or accumulated 
chemical residues over a long period of time. Thus, there is a need for a new approach 
which is safe and clean from both environmental and cost points of view in cleaning 
and maintenance of heat exchangers. Physical water treatment (PWT) is a non-
chemical method to mitigate mineral fouling, which utilizes electric or magnetic 
fields [155-157], catalytic surfaces [125-126], solenoid coils [158-160], or 
ultrasounds [118]. Numerous studies have been reported for the effectiveness of 
ultrasonic, solenoid coils, magnetic fields, catalytic material, and electrolysis. 
Recently Yang and his coworkers [128] reported that oversaturated hard water treated 
by underwater pulsed spark discharge may induce the precipitation of calcium 
carbonate in supersaturated water and produce a significantly greater number of 
particles than the untreated water.  Note that the precipitation of dissolved mineral 
ions takes place in the bulk water instead of on the heat exchanger surfaces. This is 
the key process for all PWT methods, as the particles suspended in water tend to form 
a soft coating on heat transfer surfaces. If the shear force produced by flow is large 
enough to remove the soft coating, mineral fouling can be prevented or mitigated.  
In this section, direct pulsed spark discharge generated in water is used to mitigate 
mineral fouling in a double-pipe heat exchanger. The new method of using 
microsecond-duration pulsed plasma in water is a major improvement over the 
aforementioned PWT because these previous PWT produce induced electric fields in 
water, where the field strength is often very small (~1 mV/cm) due to involved 
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temperatures every 1 min for a test period of 24-48 hours. The temperature values 
were sent to a data acquisition system for automatic data storage during the fouling 
test. The heat transfer test section, copper tube lines, plasma generation system and 
other equipment were all connected to ground to accurately measure temperatures as 
well as to prevent any adverse effects of static electricity. The inlet temperature of 
cooling water was maintained at 20 ± 3oC by means of a mini cooling tower 
throughout the entire experiments, whereas the inlet temperature of hot water was 
maintained at 95 ± 3oC using a hot water heater and re-circulating pump. 
The heat transfer rate, Q, was calculated from both hot- and cooling-water sides 
as: 
 ܳ ൌ ሶ݉ ௛ܿ௣∆ ௛ܶ ൌ ሶ݉ ௖ܿ௣∆ ௖ܶ                                      (80) 
where  ሶ݉ ௛ and ሶ݉ ௖ are the mass flow rates of hot and cooling water, respectively; cp is 
the specific heat of water; ΔTh
 
and ΔTc are the temperature differences between inlet 
and outlet of hot and cooling water, respectively. The heat transfer rates at hot and 
cooling water sides should be equal to each other under ideal conditions. In reality, 
the heat transfer rate in the hot water side was less, approximately 5%, than that in the 
cold water side as parasitic heat loss takes place to the surroundings in spite of 
insulation. Hence, the heat transfer rate measured from the cooling water side was 
used to calculate the overall heat transfer coefficient. The heat transfer rate Q varied 
from 1.9 to 3.2 kW depending on the flow velocity at the cold-water side. 








                            (81) 
The heat transfer surface area Ao was calculated using the outer diameter of the 
copper tube (do = 22.2 mm) with an effective heat transfer length of 600 mm (i.e., Ao 
= π doLeffective). The log-mean-temperature-difference, ΔTLMTD, was determined as 
follows [150]:  
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        (83) 
where Uf  is the overall heat transfer coefficient for fouled states, while Ui is the 
overall heat transfer coefficient corresponding to the initial clean state. The latter (Ui) 
was determined using distilled water (without chemicals) and without the use of PWT 
device during the initial calibration run prior to the fouling tests with artificial hard 
water. All experimental procedures, materials, equipment, inlet temperature settings 
for hot and cold water sides were the same for all tests.  
Detailed uncertainty analysis using the present test method proposed by Kline and 
McClintock [162] has been provided elsewhere [163]. In summary, the flow rate 
measurement had 3% error, temperature measurements had 1% error, heat transfer 
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The hardness of water varied from 250 to 500 ppm in the present fouling 
experiments. The desired water hardness was obtained by mixing two chemicals, 
calcium chloride (CaCl2) and sodium bicarbonate (NaHCO3), to Philadelphia city tap 
water at right proportions.  The chemical reaction occurring in the artificially-
prepared hard water can be described as follows: 
CaCl2 + 2NaHCO3 → CaCO3 + 2NaCl + H2O + CO2     (84) 
To obtain the desired hardness in cooling water, the proportions as shown in 
Table VI were used. 
Table 6 Amount of CaCl2 and NaHCO3 used in artificial hard water 
Tap water volume: 0.250 m3 Hardness (ppm) 
 250 ppm 500 ppm 
138.75 g 
210 g 
Calcium chloride (110.98 g/mol) 69.38g 
Sodium bicarbonate (84 g/mol) 105g 
 
 The hard water reservoir was first filled with tap water at a volume of 250 L after 
cleaning. With the use of a by-pass line, the tap water in the reservoir was 
continuously circulated (not through the whole fouling system set-up, but only in the 
reservoir). CaCl2 powder was added to the reservoir with gentle stirring using an 
electric stirrer and was left for 10 min to dissolve. Subsequently, NaHCO3 powder 
was also added to the reservoir and was gently stirred. After 5-7 min, about 100 mL 
of water sample was taken out from the bottom of the reservoir and used for water 
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chemistry measurements. The measurement results were used as the initial water 
hardness (at time zero). Water samples of 100 mL were collected every hour at 12-24 
h intervals during each fouling test.  
During the fouling test, the artificial water in the reservoir was automatically 
added to the reservoir of the cooling tower by gravity via a floating-ball valve, which 
was installed to control the inflow of make-up water to the cooling tower.  Thus, the 
water volume at the cooling tower was maintained constant during the fouling test. 
Note that the blowdown was not used in the present study. 
7.1.4 Scanning Electron Microscopy (SEM) And X-Ray Diffraction (XRD) 
Measurements 
Scanning electron microscopy (SEM) images and X-ray diffraction (XRD) 
analyses were obtained from the fouled copper tubes by resident technicians at Drexel 
SEM and XRD laboratories. SEM (FEI XL30) images were obtained to examine the 
topography and geometry of CaCO3 scales. Scale samples of approximately 0.5 cm × 
0.5 cm were obtained from fouled copper tubes for all cases by manually cutting 
through the tubes using a saw blade. The scale samples were coated by platinum 
through low-vacuum sputter coating in order to prevent the accumulation of static 
electric charge during the irradiation of electron. XRD (Siemens D500) analyses were 
conducted on scale powders taken from fouled copper tubes manually cut using a saw 
blade to characterize the crystallographic structure of the scale deposits for both no-
treatment and plasma treated cases. 
7.2 Results And Discussion 
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7.2.1 Cycle of Concentration (COC) 













Fig. 59. Variations in cycle of concentration (COC) vs. time for 250 ppm hard water 
under no-treatment and plasma treated cases with a flow velocity of 0.5 m/s. 
The COC is often defined as the ratio of the dissolved solids in cooling-tower 
water to those in makeup supply water.  Figure 59 shows variations in COC over time 
for the case of 250-ppm hard water with a flow velocity of 0.5 m/s. The value of COC 
increased almost linearly with time because of zero blowdown.  The COC reached 
approximately 2.8 at the end of the fouling test for the no-treatment case, whereas it 
arrived at 2.4 for the plasma treated case.  Since the hardness of the makeup water 
was 250 ppm, the hardness of circulating water became approximately 600-700 ppm 
at the end of the fouling tests for both cases. In addition, the COC value for the 
plasma treated case was consistently smaller by about 0.3-0.5 than those for the no-
treatment cases during the entire fouling test, reflecting the fact that the pulsed spark 
discharge was continuously precipitating calcium ions from water.  Note that the 
COC for other cases studied in the study (i.e. at different flow velocities and different 
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hardness) also reached approximately 3 at the end of fouling tests with zero 
blowdown, indicating that the water hardness was about 750 and 1500 ppm for 250 
and 500 ppm cases, respectively, near the end of the test.  Such extremely harsh 
fouling conditions were utilized in the study in order to expedite the fouling process 
and examine the performance and limitation of the pulsed spark discharge system. 
7.2.2 Fouling Resistance 




























Fig. 60. Fouling resistances for 250 ppm hard water under no-treatment and plasma 
treated cases with a flow velocity of 0.1 m/s. 
Figure 60 shows the results for the fouling tests obtained using water hardness of 
250 ppm for the no-treatment and plasma treated cases at a flow velocity of 0.1 m/s. 
Due to high water hardness, there was no induction period in both cases. An induction 
period is usually depicted by a straight horizontal line in the beginning of the fouling 
curve, which indicates lateral spreading of scale deposits on heat transfer surface. In 
the present study, the artificial hard water that contained calcium and bicarbonate ions 
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reacted quickly to the hot heat transfer surface, making immediate depositions of 
calcium salt particles on the surface as soon as the fouling test begun.  
The scale deposition involved the cumulative effect of a direct diffusion of 
dissolved calcium ions to the heat transfer surface and the deposition of precipitated 
calcium salt particles due to supersaturated conditions and accelerated precipitation of 
calcium salts by PWT [4]. The fouling resistance in the no-treatment case 
demonstrated a slow increase in the first 14 h of operation. At t = 15 h, the fouling 
resistance increased dramatically as the entire surface of copper tube was fully 
covered by mineral scales. After that = 16 h, the fouling resistance began to rise as the 
thickness of the scale layer slowly increased until the end of test, indicating that the 
deposition rate of the scales was consistently larger than the removal rate during this 
period because of the slow flow velocity. 
The fouling resistance curves obtained in the cases for the plasma treatment 
depicted a completely different trend compared to that obtained for the no-treatment 
case. The fouling resistance had a steep increase to a maximum value in the first 4 h 
of operation. Note that there are two different categories of fouling: particulate 
fouling and precipitation fouling. The former refers to the adhesion of suspended 
particles to the heat transfer surface in the form of soft sludge. This type of fouling 
can easily be removed by shear forces created by flow than those deposits produced 
from the precipitation of mineral ions directly on the solid heat transfer surface, i.e., 
precipitation fouling. It was demonstrated in the authors’ previous study that the 
precipitation of calcium carbonate could be induced by application of pulsed spark 
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removed from the heat transfer test section and completely dried.  Visual inspection 
on the fouled tubes indicated that there were thick scale deposits (> 1 mm) over the 
entire tube surface for the no-treatment case. For the case of the plasma treatment, the 
scale deposits appeared to be much thinner than that observed in the no-treatment 
case. One could clearly see the copper-tone color of the tube at the end of fouling test 
for the plasma treated case, indicating that the pulsed spark discharge could 
significantly mitigate the scale deposits on the tube surface.  




























Fig. 62. Fouling resistances for 250 ppm hard water under no-treatment and plasma 
treated cases with a flow velocity of 0.5 m/s. 
Figure 62 shows the results for the fouling tests obtained using water hardness of 
250 ppm for both cases at a flow velocity of 0.5 m/s with zero blowdown. The overall 
fouling resistance showed a significant drop comparing with that obtained at 0.1 m/s, 
mainly because of the higher removal rate caused by a higher flow velocity. For the 
no-treatment case, the fouling resistance had a steep increase to a local maximum 
value in the first 3 h of operation. At t = 3 h, the fouling resistance stopped increasing 
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and the value remained unchanged for the next 16 h, indicating that there must have 
been some balance between the deposition rate and removal rate for the no-treatment 
case due to the higher shear stress produced by a high flow velocity. At t = 19 h, the 
no-treatment case showed a significant drop in the fouling resistance.  After t = 30 h, 
the fouling resistance showed slight up-and-down trends with its mean value slightly 
decreasing with time till the end of the test. 
The fouling resistance curves obtained in the case for plasma treatment at 0.5 m/s 
depicted similar trend as the 0.1 m/s case shown in Fig. 60 at the first 20 h period, 
although at a much lower value. The fast rise and fall of fouling resistance observed 
in the first 6-h period indicated both accumulation and removal of particulate fouling 
on the heat exchanger surface. After t = 20 h, the fouling resistances slightly went up 
and down numerous times until the end of the test. The up-and-down trends of the 
fouling resistance clearly indicated that the old scales were repeatedly removed from 
the heat transfer surface as the new scales continued to develop. The surface was not 
fully covered by scales at the end of the test, and the final fouling resistance was 
reduced by 72% comparing to that for the no-treatment case. The improved efficiency 
in mitigating fouling observed in the plasma treated case can be explained as follows: 
calcium ions were continuously precipitated to calcium salt particles by the spark 
discharge. Subsequently particulate fouling took place as calcium particles adhered to 
the heat transfer surface, creating a soft sludge coating on the surface. The coating 
can be more easily removed due to high flow. Similar results were reported 
previously with a solenoid coil by Cho et al. [120-122], who showed better mitigation 
results at a high flow rate in the study.  
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Fig. 63. Fouling resistances for 500 ppm hard water under no-treatment and plasma 
treatment cases with two different flow velocities: (a) 0.1 m/s; (b) 0.5 m/s. 
Figure 63(a) and (b) show the results for the fouling tests obtained for the case of 
water hardness of 500 ppm and flow velocities of 0.1 and 0.5 m/s for the plasma 
treated and no-treatment cases. Due to high water hardness, the rate of increase in the 
fouling resistance was very steep for the no-treatment case at 0.1 m/s, which reached 
the local maximum at t = 3 h. After this point, the fouling resistance significantly 































































d by the sc
onstant till 











ales at t ≈ 3
the end of t
uced openin
y increased







d for (a) no
 a flow vel
tion period 
e, indicatin
 h. After t ≈
he test.  Th
g in the he
 wall shear
upersaturat







g that the he



































f 250 ppm 
e scales obt
f 500 ppm 
% lower th
ained for (a
and a flow 
ained for (a
and a flow 


















Figure 63(b) presents the fouling resistance for the flow velocity of 0.5 m/s, 
showing that there was also no induction period for the no-treatment case. As the 
velocity of cold water in the heat transfer test section was increased from 0.1 to 0.5 
m/s, there was less fouling deposit in general as the removal rate increased due to 
increased shear force, a phenomenon which was also reported by a recent study [111].  
Note that at a high velocity, there was a high mass deposition rate.  However, the 
shear force created by the flow increased such that the scales are more efficiently 
removed, resulting in reduced fouling resistances. An 87% drop in the fouling 
resistance was obtained for the plasma treated case compared with the no-treatment 
case, again confirming the effectiveness of the plasma treatment of water on 
mitigating the mineral fouling.  It is of note that even for the case of 500 ppm, where 
the hardness became about 1500 ppm near the end of test with zero blowdown, the 
plasma treated case could reduce the fouling resistance by 88 and 87% for flow 
velocities of 0.1 and 0.5 m/s, respectively. 
Figure 64 shows photographs of sections of fouled copper tubes for both no-
treatment and plasma treated cases for 500 ppm hardness water.  The photographs 
taken for 500 ppm case were similar to those obtained for 250 ppm case, but the scale 
was thicker due to the higher hardness and smaller flow velocity.  
7.2.3 Scanning Electron Microscope Images 
Figures 65(a) and (b) show SEM images of CaCO3 scales for both the no-
treatment and plasma treated cases for 250 ppm hard water at a flow velocity of 0.5 
m/s. The SEM images for the no-treatment case showed particles less than 10 µm in 
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size, with sharp and pointed tips in crystal structures, whereas those obtained with 
plasma treatment showed particles of 15 µm in size and above, due to the 
precipitation effect of spark discharges, with blunt edged crystals. The sharp and 
pointed crystal tips observed in the no-treatment case are believed to be produced 
through precipitation reactions of mineral ions on the heat transfer surface, thus 
adhering to the heat transfer surface more strongly than blunt crystals observed in the 
plasma case.  
Figure 66(a) and (b) show similar SEM images (200x, 500x and 1000x) of CaCO3 
scales for the no-treatment and plasma treated cases for 500 ppm hard water at a flow 
velocity of 0.1 m/s. The SEM images obtained from the no-treatment case showed a 
more organized regular structure, which can be attributed to the aforementioned 
particulate fouling on the heat exchanger surface. For plasma treatment, the images 
showed random rounded particles with a less organized structure. The size of the 
particles obtained from the plasma treatment case was slightly larger than that 
retrieved from no-treatment case.  
7.2.4 X-Ray Diffraction Tests 
Calcium carbonate is a crystalline substance that exists in three polymorphs: 
calcite, aragonite and vaterite [165]. Each polymorph has a unique crystallographic 
structure with a unique XRD spectrum that serves as its fingerprint. The present XRD 
analyses were conducted to determine the crystallographic phase of scale deposits so 
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supersaturated states of cooling water and no blowdown in the study.  Hence, even for 
the no-treatment case, one might expect to have a large number of suspended particles 
in water, thus leading to a calcite form of CaCO3 scales on the heat transfer surface.  
For the cases of plasma treatment, spark discharge would produce more suspended 
calcium particles in hard water than the no-treatment case [128], producing 
particulate fouling or calcite form of calcium crystal at the heat transfer surface. The 
XRD results for the no-treatment and plasma treated cases at water hardness of 250 
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